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ABSTRACT 
Delamination is recognised as the most critical damage process in laminated composites 
under compressive or bending loading conditions and managing this failure mode has been 
key to using composites in primary structures. However, predictive modelling of 
delamination growth has been limited, since even a simple, single plane defect can result in 
multiplane delamination growth which is often associated to other secondary processes such 
as intralaminar or translaminar damage. The objective of this thesis has been to 
experimentally investigate the fundamental phenomena associated with delamination growth 
which were isolated from the observations made in embedded defects: delamination 
preferentially grows along the direction of the fibres at a ply interface (directionality) and, if 
forced to grow obliquely to the fibres, a change of delamination plane typically ensues 
(migration). 
Directionality was demonstrated with a bespoke test to grow delamination in a preferential 
direction. The geometrical effect of the fibres on the direction of delamination growth was 
also studied using a macroscopic model of the delaminating interface. A numerical strategy 
was introduced to model directionality. Cohesive elements and the virtual crack closure 
technique were modified to include the effect of fibre orientation at the interface at which 
delamination propagated. Migration was isolated with a series of delamination tests in cross-
ply laminates under variable mode mixities. Finally, the insight gained in delamination 
growth mechanisms was demonstrated on a set of sandwich configurations with embedded 
defects to understand growth in complex composite geometries. Fractographic studies were 
used to glean a detailed understanding of the migration process. This work has successfully 
characterised the detailed processes by which delaminations grow and provided knowledge 
to develop damage tolerant designs. 
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NOMENCLATURE 
Symbol Description Units 
a precrack length mm 
b specimen width mm 
ε strain - 
E Young’s modulu MPa 
δI mode I relative displacement mm 
δII mode II relative displacement mm 
FI nodal force in opening mode N 
FII nodal force in shear mode N 
FIII nodal force in tear mode N 
Fx nodal force in the directing ply direction N 
Fy nodal force transverse to the directing ply direction N 
G shear modulus of elasticity MPa 
GI mode I strain energy release rate J/m2 
GII mode II strain energy release rate J/m2 
GIII mode III strain energy release rate J/m2 
GIC critical mode I strain energy release rate J/m2 
GIIC critical mode II strain energy release rate J/m2 
GIIIC critical mode III strain energy release rate J/m2 
Gx axial shear mode strain energy release rate  J/m2 
Gy transverse shear mode strain energy release rate  J/m2 
h specimen half thickness mm 
k migration distance mm 
L element length mm 
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la delamination length at the right edge mm 
lb delamination length at the left edge mm 
lcII process zone length mm 
ν Poisson’s Ratio - 
ρ material density g/m3 
s aspect ratio asymmetry parameter - 
S shear strength MPa 
σ stress MPa 
τ shear stress MPa 
tI mode I traction N 
tII mode II traction N 
tIII mode III traction N 
UI nodal displacement in mode I mm 
UII nodal displacement in mode II mm 
UIII nodal displacement in mode III mm 
Ux nodal displacement in the directing ply direction mm 
Uy nodal displacement transverse to the directing ply direction mm 
XC compression strength MPa 
XT tension strength MPa 
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ABBREVIATIONS 
4ENF Four-point end-notched flexure 
CFRP Carbon-fibre reinforced plastic 
ELS End-loaded split 
FE Finite element 
PTFE Polytetrafluorethylene  
SERR Strain energy release rate 
WTELS Width tapered end-loaded split 
VCCT Virtual crack-closure technique 
XFEM Extended finite element method 
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 Introduction Chapter 1.
1.1 Background 
Composite materials such as carbon-fibre reinforced plastics (CFRPs) have been adopted by 
the aeronautics industry as a means to weight reduction for aircraft structures. For the 
airworthiness certification of these structures, the aviation safety agencies recommend 
performing a series of incremental tests on specimens of increasing complexity [1]. This 
process is often represented as a pyramid: the base of the pyramid is the large amount of tests 
performed on coupons; followed by structural elements, structural details, sub-components 
and topped by a small number of expensive tests on full scale components. This type of 
testing is, needless to say, highly resource consuming and efforts have been made to optimise 
the certification process. With this in mind, the European Community funded a research 
programme for the “Efficient design and verification of composite structures, (EDAVCOS)” 
[2]. The proposed approach defined new testing methods with higher precision than the 
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conventional coupon tests and also included evidence of the failure modes and the damage 
growth mechanisms. This, and subsequent research has demonstrated that the understanding 
of damage growth mechanisms is important not only for efficient testing but also from a 
design point of view. Without a deep knowledge of these mechanisms manufacturers would 
rely solely on conservative no-damage growth criteria [3]. Indeed, the identification of the 
fundamental growth mechanisms is key for damage tolerant design of composite structures. 
This thesis aims to identify and understand two fundamental damage growth mechanisms or 
processes associated with delamination in composites: directionality and migration. 
1.2 Failure in composites 
Depending on the fracture plane, three types of failure can be defined specifically for 
laminated composites (Figure 1-1): 
− Translaminar failure (T): failure through the ply thickness which results in broken 
fibres, e.g. micro-buckling and fibre tensile failure.  
− Intralaminar failure (I): failure through the ply thickness, parallel to fibres, e.g. ply 
splitting. 
− Interlaminar failure (D): decohesion failure between composite plies, e.g. 
delamination. 
 
Figure 1-1 Failure types of composite lamina [4]. 
I T 
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Delamination, in particular, is a critical failure mode as it is the principal initiator in a diverse 
range of failure mechanisms [5,6] and develops in conjunction with intra and translaminar 
damage. Furthermore, it can go undetected as delaminations are usually embedded within the 
laminate [6]. Delamination has also been identified as a critical failure mode across different 
component architectures used in aircraft structures, namely sandwich panels and stiffened 
panels [7]. In these structures, delaminations develop from ply-drop-offs, impact damage, 
notches and manufacturing defects. The effect of delaminations can be significant and can 
account for up to a 60% reduction of strength [6]. 
One critical type of delamination arises from defects located near the surface of a component. 
In this case a dual analysis of damage growth, considering both local and global instability, 
may be required [5]. The general mechanism for onset and growth of these delaminations is 
shown in Figure 1-2: under compressive load, the thinner sublaminate plies locally buckle to 
form a blister. In the analysis of delamination the fracture mode is typically classified as; I 
(peel), II (shear) and III (tear) and combinations thereof. Generally, the imbalance of the 
delaminated blister leads to a complex distribution of mode I, II and III strain energy release 
rates at the original delamination boundary. When the critical strain energy release rate is 
exceeded, the delamination grows either in a stable or unstable manner. During this process, 
the delaminated plies progressively redistribute the load to the base sublaminate. If the load 
reaches the critical buckling load of the base sublaminate then global buckling occurs which 
can lead to global failure. 
  
 
Figure 1-2 Mechanism of buckling induced delamination growth [8].  
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As delamination develops, intra and translaminar damage propagate simultaneously. Current 
numerical models for delamination typically fail to capture all the detail of the interaction 
between such failure modes. Furthermore, the physical behaviour of delamination growth 
that is dictated by the orthotropy of composite plies is often overlooked.  
1.3 Novel aspects of this thesis 
The findings in this work have initiated interest of research groups at NASA Langley (Dr. J. 
Ratcliffe) and University of Bristol (Prof. S. Hallett) where presentations were given. It has 
also motivated an industry funded project (Rolls Royce, Dr. M. Jevons) to characterise mode 
II-III delamination. Parts of this work have been the subject of one journal publication [9] 
and three conference papers [10-12]. 
The work reported here has a number of novel aspects. A key aspect of this work was the 
identification of delamination growth mechanisms in a range of geometries through 
fractographic analysis. General growth behaviour of delamination at different ply interfaces 
was deduced leading to recommendations for damage tolerant structures. One of the test 
geometries used, the tapered width end-loaded split, is unique to this work and was the 
source of interesting findings; for instance, this experimental investigation led to the 
identification of mixed-mode II-III cusps morphology which was correlated to the mode 
mixity. Also, an important aspect deduced was the characterisation of two fracture modes 
defined with respect to the fibre direction of the plies at the delaminating ply interface. This 
work is also one of the first to use the single cantilever beam test configuration to isolate 
migration. The work on embedded delaminations also uses an unusual sandwich 
configuration to eliminate the effects of global buckling. Finally, the modelling conducted 
suggested methods to implement the mechanisms observed in finite element methods for 
delamination such as cohesive elements and the virtual crack closure method. 
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 Literature review Chapter 2.
2.1 Delamination 
2.1.1 Introduction 
To review the state of the art in the knowledge of delamination behaviour and mechanisms, a 
literature survey was undertaken. The survey focused on the configurations used to study 
delamination. The first Section (2.1.2) briefly outlines the tests performed to characterise 
initiation and propagation of delamination. These tests generally give little information about 
the micro-mechanisms involved in delamination growth and just focus on the fracture 
toughness of the ply interface. Therefore, a more realistic (element), test configuration is 
presented in the second Section (2.1.3). The numerical tools to study delamination are 
presented in the final Section (2.1.4). 
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2.1.2 Fracture toughness characterisation  
One of the most popular approaches to characterise propagation of delaminations has been 
the application of linear-elastic fracture mechanics which requires the quantification of the 
critical strain energy-release rate of the interface at which delamination grows [13]. Coupon 
tests have successfully studied the delamination fracture toughness of composites in mode I, 
II, III and combinations thereof. The most commonly used configurations to characterise 
fracture toughness for composites are double cantilever beam (DCB) [14] for mode I, 3 point 
and 4 point end-notched flexure (3-ENF, 4-ENF) and end-loaded split (ELS) for mode II and 
mixed-mode bending (MMB) (Figure 2-1) [15] which is capable of producing an array of I/II 
mode mixities. These tests have mainly been used to characterise unidirectional ply 
interfaces. However, the use of purely unidirectional layups in structures is limited and a full 
characterisation of multidirectional ply interfaces is needed [16]. Furthermore, such 
multidirectional ply interfaces are more prone to delamination [17]. 
 
Figure 2-1 Mixed-mode bending MMB testing apparatus [15]. 
An extensive review on the subject by Andersons et al [18] concluded that while the 
dependence of fracture toughness on interface in mode I was moderate, and in some cases 
absent, the dependence in mode II presented a more complicated pattern. It could be 
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classified in three different cases. Firstly, brittle matrix systems showed higher interface 
dependence than high toughness matrices. Secondly, strong ply interface dependence was 
found in unidirectional (UD) laminates tested at an angle (φ/φ interface) and to a minor 
degree in 0˚/φ interfaces. In both cases the fracture toughness decreased with an increase in 
φ. And thirdly, φ/-φ ply interfaces showed an increase in fracture toughness as the 
misalignment angle φ increased. Mode III loading of a 0˚ ply has sometimes been considered 
to be equivalent to the mode II of the same interface rotated by 90˚. It was suggested that the 
toughness under shear loading could be mode independent, i.e. GshearC = GIIC = GIIIC [19,20]. 
However, these results have been obtained by comparing the behaviour of adhesive joints to 
the behaviour of the resin rich interlaminar matrix layer [19], neglecting fractographic 
observations where delamination seems more prone to follow the direction of the fibres [21]. 
Other studies in composites report values of GIIIC/GIIC≈2 [22]. 
2.1.2.1 Mode III and mixed-mode II/III and I/III 
One delamination mode that still poses problems in being characterised is mode III and any 
mixed-mode delamination with a mode III component. The usual configurations for these 
loadings will be reviewed in this section. 
For pure mode III characterisation the cracked rail shear (CRS) test [23] method was firstly 
introduced based on the ASTM standard D4255-83 for the measurement of in-plane shear 
properties. The advantage of this test was the simplicity of the data reduction; however, the 
specimens had a low compliance which does not allow for a compliance calibration method 
to be applied. 
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 a)  b) 
Figure 2-2 a) Split cantilever beam specimen configuration [22] and b) edge crack torsion 
specimen and [24]. 
This problem was also observed on the split-cantilever beam (SCB) configuration [25]. The 
split-cantilever beam [22] consisted of a DCB-type specimen (Figure 2-2) with the load 
introduced parallel to the crack plane. In this test the measured GIIIC values were dependent 
on the specimen geometry and a large mode II component was found at the edges. This was 
also deduced from the morphology of the cusps. Furthermore, this rig configuration 
introduced friction between the specimen and the fixture which restrained the rotation of the 
specimen. The SCB fixture was later modified [25] to eliminate the mode II that was present 
at the edges of the specimen. Nevertheless, the delamination growth was unstable. Scanning 
electron micrographs [25] taken at the specimen edge showed the absence of mode II shear 
cusps and the resin appeared to be sheared to one side of the fibres. However, the data 
reduction of this test required the prior characterisation of the through thickness shear 
modulus (G23) of the composite.  
The need for the through thickness shear modulus was overcome with the edge crack torsion 
(ECT) [24,26-29] test (Figure 2-2). This test introduced a torsional load on a plate cracked 
along its longer edge. The reported fracture morphology (Figure 2-3b and c) obtained with 
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this specimen configuration showed riverlines starting at the fibres and growing towards the 
centre of the specimen parallel to the crack front [24]. Although the crack appeared to 
propagate uniformly throughout the test [26], divergences across the different data reduction 
schemes were found.  
   
 a)  b) c) 
Figure 2-3 Fracture surface of a) 0° SCB specimen, the mode III relative displacement was in 
the vertical direction and the growth from right to left [22]. And micrographs of specimens 
tested with the ECT rig, b) R922/T500 and c) R6376/IM6 [24]. 
As an improvement to the ECT the 6-point edge crack torsion was developed [29,30]. The 
ECT-6 was based on the ECT but introduced an additional load point at each end (Figure 
2-4a). The motivation behind this geometry was the introduction of an effective crack-based 
data reduction method to overcome the difficulty of monitoring the crack during the test. 
However, when characterising 0°/0° ply interfaces with this method the delamination was 
shown to migrate to neighbouring plies. To overcome the difficulty of monitoring crack 
growth the 4-point bending plate [31] was introduced (Figure 2-4b). The drawback of the test 
was that its data reduction was FEA based. 
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 a) b) 
Figure 2-4 a) 6-point edge crack torsion [29,30] and b) 4-point bending plate [31]. 
Mixed-mode I/III, II/III and I/II/III 
Thus far pure fracture modes, particularly mode III, have been reviewed; however, pure 
mode fracture is not representative of in-service conditions and an array of conditions needs 
to be characterised. The tests in this section were typically based on pure mode tests with the 
addition of pre-stresses or on the combination of existent pure mode tests. 
The pre-stressed end-notched flexure [32,33] was based on a mode II test beam which was 
preloaded in mode III. A similar approach was applied to obtain mixed mode I/III. The crack 
front in this type of specimen was found to be non-uniform and thus its use was limited to 
transparent materials [34]. Also, the mixed-mode ratio changed with the applied load and the 
crack length. The non-uniformity of the crack front was also found to be a problem for the 
double-notched split cantilever beam [35] which required information of the crack front 
shape at each increment (Figure 2-5). Furthermore, this test provided no analytical data 
reduction. 
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Figure 2-5 Double-notched split cantilever beam [35]. 
The 6-point bending plate (Figure 2-6a) and the 8-point bending plate (Figure 2-6b) [36] are 
the II/III and I/III mixed-mode equivalents to the 6-point edge crack torsion [29,30]. The 
mixed-mode ratio was achieved with the variation of the specimen length and the load 
application point. However, the crack did not show a uniform distribution of GII/GIII and both 
methods required FE analysis for the data reduction. 
 
 a)  b) 
Figure 2-6 a) 6-point [37] and b) 8-point bending plate [36]. 
One of the few tests allowing for a complete range of I/II/III mode ratios was the shear-
torsion-bending test [38]. This test was similar to the modified split-cantilever beam with the 
addition of a mixed-mode bending (Figure 2-7). Data reduction was done as a closed-form 
solution. However, difficulties to ensure edge delamination were reported. Surfaces were 
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inspected with electron microscopy and no mode II cusps were observed (Figure 2-8). 
Instead, the surface was covered with fibre debris and had a dry appearance. 
 
Figure 2-7 Shear-torsion-bending test specimen [38]. 
The papers summarised in this section showed the feasibility of the mode III, mixed-mode 
II/III and I/III tests. The major drawback of these tests was the presence of ply splitting 
before delamination growth which implied that the fracture toughness measured was 
associated with the energy required for the formation of the ply splits [39]. However, the 
tests were not always validated against fractographic evidence, thus it could not be proved 
that mode III was being induced at the fibre level. The few papers that investigated the failed 
surfaces observed fibre bridging [38], delamination migration [29,30] and the presence of 
sheared matrix parallel to the crack front [24,25]. 
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 a)  b) 
Figure 2-8 Detail at the insert tip of a shear-torsion-bending specimen [38]. 
2.1.3 Structure-like elements 
While the use of coupons is important to characterise ply interfaces, their application to 
observe and understand delamination growth at a larger scale is limited. Panels containing 
artificially embedded delaminations and subjected to bending or traction/compression 
loadings are more likely to reproduce the behaviour expected in-service in aerospace 
components. Typically the geometries used for these studies are a beam-type coupon 
centrally delaminated (through-width delaminations, TWD) or a panel containing an 
embedded delamination of different geometries. TWD is often considered not to be a precise 
representation of enclosed damage in a real component. Furthermore, free edge effects can 
lead to premature failure of the coupon and may induce secondary failure modes that are not 
realistic. For these considerations only embedded delamination will be reviewed.  
2.1.3.1 Embedded delaminations 
Panels containing embedded delaminations have been studied to identify the criticality of the 
delamination parameters. The usual parameters considered were delamination location 
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through the thickness, size and shape which are thought to have an influence in local/global 
buckling loads, delamination growth onset and final failure. 
Experimental observations 
A number of experimental studies have been carried out which have investigated 
through-the-width-delamination, thin-film delaminations (i.e. delaminations close to the 
surface which do not affect the global response of the panel) and deeper delaminations. The 
main information gleaned from these studies have mainly been local buckling shapes and 
strain values at initiation, delamination growth initiation sites and values, and the 
understanding of growth mechanisms. These growth mechanisms can be more complex than 
is often assumed. The common assumption, especially in numerical analyses, is that the 
delamination remains within the original defect plane. However, this is usually not the case 
and the delamination migrates from the original ply interface to the adjacent layers. Despite 
its importance, the migration process has been the focus of very few studies. 
The techniques to detect buckling and delamination growth have mainly utilised strain 
gauges on the surface of the delamination [40], contact dial gauges [40] although the force 
these can impart on the delamination blister is thought to inhibit the local buckling [41], laser 
gauges [41,42], optical methods such as Moiré interferometry and digital speckle 
interferometry (DSI) or digital image correlation (DIC), and acoustic emission. 
Shadow Moiré has been used to detect surface features and out-of-plane deflections [43-45]. 
This method has been particularly useful to capture out-of-plane displacements; however, its 
application has been limited as pure mode II delamination could not be detected. The method 
has the advantage of being contactless and real-time. Mode II delamination can, however, be 
captured with an in-plane method for shear Moiré interferometry able to detect depth of 
growth; however, this method is complicated and delicate in setting up [46].  
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DSI has been used to successfully detect subsurface delamination [47,48], however, the 
quantitative measurement of delamination shape, depth and delamination front location has 
had little success. The main issue is that post-processing the images is required to clearly 
establish the delamination growth onset. Once the shape of the buckled delamination had 
been determined, the plot of the out-of-plane displacement of the major axis showed a local 
minimum in the proximity to the delamination front. This point was taken only as a reference 
point as it was thought that it did not exactly correspond to the delamination front position. 
After an increment of growth, the same point was calculated and it was assumed that the 
delamination had grown by the same amount. This procedure is summarised in Figure 2-9. 
Since the initial size was known, the final size could be easily found [49]. However, little 
information on the actual growth process has been drawn from the DIC measurements.  
It has to be stressed that both optical methods have had little success in identifying the 
initiation of the delamination as only the displacement and strain field of the surfaces can be 
determined. The difficulty in defining the sites corresponding to the delamination front can 
lead to errors in the onset strain. 
 
Figure 2-9 Characterisation of the delamination front [49]. 
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Fractographic observations have been particularly useful in the qualitative determination of 
the relative mode mixity. One of the main observations is the tendency for delamination 
growth to have been in a direction parallel to the fibres of one of the plies at a delaminated 
interface [4]. If this direction is consistent with the main growth direction, the delamination 
will continue to grow in the same ply interface, otherwise it will jump (i.e. migrate) to an 
adjacent ply interface by means of ply cracks. This process will be repeated until the main 
growth direction matches that of the uppermost ply [45]. The existence of cusps in all the 
delaminated regions implied the presence of a mode II component [50]. The percentage of 
mode mixity was thought to have changed along the main direction of growth due to the 
increase in the presence of broken fibres in the delamination zones [41], however the authors 
point out that further research is needed to determine the mode mixity predominance of these 
surfaces. Fractographic studies have also revealed the presence of other fracture modes. Ply 
splitting has been found extensively, as well as in-plane shear and fibre micro-buckling [8]. 
Delamination insert parameters 
The behaviour of the panels in terms of stability and strength reduction can be linked to the 
initial buckling mode of the panel. If the delamination is shallow and large the sub-laminate 
above the delamination would buckle forming a blister. On the contrary, if the delamination 
is deeper or smaller the whole laminate will buckle in the same direction [51]. For certain 
combinations these two modes can coexist [41]. It has been indicated that the most critical 
parameter to consider for growth stability is the defect depth rather than geometry and extent. 
Delamination buckling initiation and growth will be mainly controlled by the depth and the 
stacking sequence of the plies above the delamination [8]. In this case the growth of 
delamination is thought to be highly dominated by mode I. Mode II and mode III are small in 
comparison with mode I and could be neglected [52]. However this dominance could also be 
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dependent on the depth of the defect; a study for different delamination depths showed an 
increase in the mode II component as the delamination became deeper [53].  
Another parameter that is thought to greatly affect the behaviour of the delamination is the 
stacking sequence of the plies of the sublaminates. The stacking sequence is likely to alter 
the distribution of SERR at the insert edge thus affecting the delamination onset [54]. Other 
effects not directly related to the SERR distribution are found in upper sublaminates 
containing plies transverse to the load direction, in these cases the delamination exhibited 
rapid growth [8]. 
Other associated failure mechanisms  
The recurrent presence of other failure mechanisms, namely ply cracking and fibre failure, in 
these tests has been highlighted [8,41,45,55]. These intra and translaminar processes need to 
be taken into account during delamination prediction as they can affect delamination 
initiation and promote the change in the initial delamination ply interface to the adjacent ply 
interfaces [45,56,57] as can be seen in Figure 2-10. Furthermore, if the intralaminar damage 
is not considered it can lead to erroneous theoretical results because the energy dissipated 
inside the layers is not accounted for. Also, the presence of intralaminar damage can 
influence the panel stiffness and ultimate strength.  
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Figure 2-10 Delamination migration in a embedded delamination configuration [8]. Loading 
is parallel to the 0˚ ply. 
The development and interaction between these failure modes has been studied in the context 
of low velocity impacts where bending cracks appear in the matrix [58], leaking of cryogenic 
vessels where the delamination starts from the crack tips of crossply laminates [59,60], and 
delamination originating from bolted joints [61]. Although matrix cracks appear recurrently 
in experiments and are observed in TWD [62] and embedded delamination [50,63,64] very 
few numerical studies have focused in the interaction between different damage mechanisms 
such as fibre breakage, transverse micro cracking, and delamination of the adjacent layers 
[65].  
In early works, the application of a maximum stress criterion on the transverse tensile 
stresses on the delaminated layers led to the conclusion that these could be severe enough to 
encourage splitting of the plies [66]. A recent numerical study [52] modelled the damage 
propagation by taking into account delamination growth, ply splitting and fibre failure. A 
progressive damage model was developed by predicting the initiation with a Hashin criterion 
[67] and assuming instantaneous material property degradation. The model also allowed the 
visualisation of the damage at each ply. The results indicated that the matrix-fibre failure 
25 mm 
0˚ ply 
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only had a relevant role after global buckling and close to the global failure whilst 
delamination growth only affected the mechanical behaviour at global buckling. Also using 
the Hashin criterion, Nilsson [41] predicted fibre failure and matrix cracking, however only 
the matrix cracking was observed experimentally by means of acoustic emission and 
fractography. High bending tensile strains at the centre of the delamination could be the 
cause of the matrix cracking [68]. Matrix cracking could also promote the delamination 
growth [62] as it causes interlaminar shear stresses. The need for further research has been 
highlighted [41,50]. Other models [57,65] including intralaminar and interlaminar damage 
have been successful in predicting damage at a single ply level. Nevertheless, this model 
could only predict orthogonal ply cracks with respect to the laminate plane.  
2.1.4 Numerical methods  
The different methods which have been used to model delamination are typically based on 
either a direct application of fracture mechanics or indirect (interface or cohesive elements). 
To predict the onset of the delamination using a fracture mechanics approach a strain energy 
release rate calculation must be performed followed by the application of a growth criterion. 
The formulation using cohesive elements includes a combination of strength-based analysis 
and fracture mechanics in its damage model to predict both onset and growth [69].  
A technique with two variations for the strain energy release rate calculation along the 
delamination front which take account of the mode separation are: virtual crack closure 
technique (VCCT) [70-72] (Figure 2-11), and the modified virtual crack closure technique 
[52,73-75]. This technique is particularly convenient for numerical methods where 
displacement and forces at nodes can be easily extracted [6]. 
Literature review 
46 
 
Figure 2-11 Virtual Crack closure method. 
 ∆E= 1
2
(X1j∆u2j+Z1j∆w2j) (2-1) 
VCCT has been the basis for node-release methods where constraints between the surfaces 
are released when the critical strain energy release rate is reached. Nevertheless it has been 
argued that this method exhibits a strong dependency with the load step size as a 
consequence of the impossibility to release a prescribed area and is also affected by the 
presence of corners at the sites of delamination growth [70,71]. These corners pose a 
problem in the definition of the mode partitioning [72] which can be overcome by rounding 
the corners through generation of new nodes. However, these new nodes and elements 
increase the size of the model. This was overcome by defining the mode partitioning 
independently of the crack front [76]. A numerical improvement of the VCCT is the 
Modified Virtual Crack Closure Technique which facilitates calculation by using the nodal 
forces and the displacements adjacent to the current crack front [52,73-75]. In any case, a key 
limitation of VCCT is the need for an initial delamination. 
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Cohesive models combine both the strength of material formulation for crack initiation and 
fracture mechanics for crack propagation [77]. This means that there is no need for an initial 
delamination [71]. Cohesive models are based on a softening law (Figure 2-12) relating 
stresses and crack opening and also accounts for mode-mixity. This law governs the interface 
behaviour and is defined by the stiffness of the interface, its tensile strength and the fracture 
energy. It has been successfully used to simulate a peanut-shaped impact induced 
delamination [78], rectangular [79,80], and circular delaminations [81]. One of the 
limitations of this method is that the cohesive elements replace the potential delamination 
interface [82] and, therefore, the latter needs to be represented a priori.  
 
Figure 2-12 Bi-linear law used in cohesive damage models [77]. 
This problem is partially solved with the use of the extended finite element method (XFEM) 
[82,83]. XFEM allows cracks to be represented in a continuum, and direct fracture 
mechanics (J-integral, VCCT) or indirect (cohesive tractions) can be added to simulate 
propagation. XFEM has been used in a clamped TWD [82] under compression and shown 
good agreement with conventional cohesive models [84]. A recent study validated a linear 
buckling eigenvalue analysis of TWD and embedded delaminations where enriched elements 
were used and the delamination front was defined using XFEM [83]. 
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With the exception of the method proposed by Lord et al [76], the methods presented so far 
do not account for the angle of the fibres of the interface at which the delamination grows. 
However, it has been pointed out that delamination tend to develop following the direction of 
the fibres of one of the plies at the interface, either the uppermost or lowermost depending on 
the direction of the resolved tensile stress at the crack tip [45,85]. 
2.1.4.1 Modelling assumptions for embedded delaminations 
A number of models have been developed to simulate the observed delamination behaviour. 
The first analyses of embedded delaminations were simplified by assuming the delamination 
was close enough to the surface that the global behaviour of the laminate was not affected by 
the presence of the delamination; the ‘thin-film’ assumption [86-88]. For a shallow 
delamination, local buckling occurs before the global buckling, with these two events being 
practically uncoupled [89]. Furthermore, under thin-film conditions, the plate global bending 
strain is significant compared to the local delamination buckling because of the relatively 
higher bending stiffness of the former [87]. These first studies only accounted for isotropic 
materials which was adequate for small delaminations, and then extended to a more general 
case able to deal with material anisotropy [90].  
Many studies have disagreed with this approach arguing that real structures are slender and 
global bending can appear during delamination growth. This would cause the onset of the 
delamination growth to be at or close to the global buckling [41]. It has been shown that 
strain energy release rate increase significantly when the load approaches the global buckling 
load [41,90]. However, a comparison between the two methods for a delamination three 
layers deep shows that the difference in the out-of-plane displacement and maximum energy 
release rate computed by the two methods is negligible up to half of the global buckling load 
[41]. 
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2.1.5 Discussion 
Delamination has been usually approached from two different methodologies, the first has 
focused on the characterisation of the critical energy release rates of the delaminating 
interfaces and the second has been focused on the understanding of the behaviour of 
delamination in real structures from coupons with through-width and embedded 
delaminations. The first approach is essential to furnish the material properties used in 
structural design; however, the results obtained can be invalidated by the presence of 
delamination migration resulting in the impossibility to characterise the required ply 
interface. Also, generating the prescribed range of mode mixities has proven to be complex, 
especially in mode II/III combinations which are particularly difficult to generate under 
controlled conditions. Furthermore, other than critical energy release rates little information 
from the growth of delamination in structures can be obtained. 
For this reason, the second approach focusing on delamination growth on structures has been 
reviewed here. The proposed geometries in the literature mimic a delamination that could be 
caused by an inclusion. The focus of these studies was to determine buckling loads, both for 
local and global buckling modes and to determine the onset of delamination. Few studies 
have focused on the subsequent growth and it has often been approached as the 
quantification of damage extent neglecting the detailed path taken by the delamination. This 
path has been identified as the factor that will ultimately dictate the stability of the growth 
and, therefore, is of a great importance to predict the integrity of the structure.  
Numerically, the two methods presented, VCCT and cohesive models, both usually assume a 
homogenised critical energy release rate of the interface reducing GII and GIII to a single 
Gshear value. This is caused by both the difficulty of characterising GIIIC and the difficulty of 
defining the mode partition in a general case when the delamination front is not oriented in 
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the same direction as the fibres at the interface. In addition, numerical models often neglect 
the processes by which migration may migrate to other interfaces. Finally, due to the 
computational complexity, numerical models often limit the growth to a single ply interface 
which does not correlate to real behaviour. This could lead to errors when assessing 
structural integrity in the presence of delaminations.  
2.2 Delamination micro mechanisms 
2.2.1 Introduction 
The macromechanical aspects of delamination from embedded defects have been presented 
in Section 2.1.3.1. Although the local and global buckling, and delamination initiation can be 
determined with analytical and numerical analyses, these approaches often fail to explain the 
subsequent delamination propagation. At this stage, the micromechanisms associated with 
the anisotropy of the composite are thought to play a key role [91].  
Two important mechanisms closely connected to the propagation of delamination in 
composites, crack migration (due to crack kinking) and crack tortuosity (due to inclusions), 
will be reviewed. In this Section a focus has been drawn on those mechanisms arising under 
mixed-mode and mode II loadings. Since these phenomena have not been particularly studied 
in composites, a review of other materials exhibiting similar mechanisms is also presented. 
2.2.2 Delamination initiation 
The fibres in a composite material subjected to mode II loading carrying a shear stress will 
transfer the stress to the resin as illustrated in Figure 2-13. The damage will then initiate at 
the interlaminar region. As this region is bounded by the adjacent plies the fibres are thought 
to be greatly involved in the failure process [92]. A series of microcracks will form ahead of 
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the crack tip prior to coalescence. These microcracks are the source of the main fractographic 
features, cusps, differentiating pure mode I delamination to mixed-mode delamination.  
 
Figure 2-13 Two-dimensional model of shear deformation at the crack tip [92]. 
Two distinct processes have been identified during mode II delamination [92]. The first one, 
although not always in this particular order, involved the shearing of the fibres out of the 
resin and the second was the fracture of the matrix itself.  
2.2.2.1 Matrix microcracking 
The principal mechanism accepted as the damage initiator in mode II delamination for brittle 
resins is matrix microcracking. The microcracks originate at the fibres surface ahead of the 
crack tip at an angle of +45˚ at which the resolved tensile stress in the resin reaches its 
maximum [4,85,92,93]. 
The microcracks will then propagate at this angle until reaching the fibres above and below 
the crack plane, at this point the crack will curve forming a S-shaped crack [19,95-97]. A 
resin ligament will link the two adjacent microcracks until they coalesce. Across the width, 
the crack is thought to initiate at the fibres and then tunnel away meeting approximately 
midway between the fibres [98,99]. 
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Figure 2-14 Cusp morphology under mixed-mode loading conditions [94]. 
The microcracks will rotate up to a maximum of 90˚ as the load increases [93,100]. 
Ultimately the microcracks coalesce and the delamination front extends leading to a 
discontinuity between the shear displacements of the two arms in the damaged zone (Figure 
2-15). As the microcracks coalesce the delamination is directed to the upper or lower 
ply/interply boundary where it would then propagate in an interface close to the fibres.  
Later when the two surfaces slide over each other due to their roughness a mode I local 
opening of the crack has been observed [93]. This local mode I was thought to be significant 
and it has been noted that it needed to be accounted for, especially under mode II dominated 
loading. The friction between the surfaces will also entail the presence of surface debris 
observed fractographically [4]. However, at initiation, the local and global energy release rate 
(GIIL, GIIG) were observed to be in good agreement which led to the conclusion that the effect 
of friction was negligible as it did not reduce the load transferred to the crack tip [93]. 
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Figure 2-15 Relationship between microcracks angle and faces displacement at crack tip 
[93]. 
In post-mortem investigation the presence of microcracks is manifested by the presence of 
cusps [4] (or hackles) (H in Figure 2-16) on one of the surfaces and scallops (or scars) (S in 
Figure 2-16) on the other. It is important to note that the term hackle is an alternative term 
used in the United States to refer to cusps. However, hackle also refer to a more general 
fracture surface [99], therefore the term cusp is preferred and has been used since 1980 [101] 
to refer to these features. Mixed-mode delamination is characterised by the presence of cusps 
that are the consequence of the inclined microcracks and become visible under microscopic 
inspection. The size and distribution of the cusps is thought to be dependent on the fibre 
arrangement, such as the spacing of the fibres and the thickness of the interlaminar resin rich 
region [4,98] but also from environmental factors (temperature and moisture). 
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Figure 2-16 Scallops (or scars),denoted S and cusps,denoted H [4,102]. 
2.2.2.2 Fibre and ply arrangement 
Fibre spacing 
A larger vf would result in a smaller average fibre spacing and thus a larger constraint at the 
crack tip, giving smaller process zones which is thought to be the cause for the difference of 
cusp size observed with increasing fibre separation [103]. In a close fibre arrangement, the 
plasticity of the resin between the fibres is constrained and more susceptible to fracture. This 
would result in the formation of many microcracks leading to short and thin cusps [98]. 
Wider and taller cusps occur between fibres with larger spacing and are originated from 
microcracks that are also at a larger distance from each other. 
Ply orientation 
As has been shown in Section 0 the critical energy release rate is dependent on the ply 
interface at which the delamination propagates, this indicates that additional mechanisms 
may be present at such delaminations. One of the main differentiating fractographic features 
observed in multidirectional interfaces are the grid-like features (or gouges) found in 
cross-ply and 0˚/45˚ (see Figure 2-17) interfaces developing from the lowermost ply until 
they meet the delamination plane. 
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 a) b) 
Figure 2-17 Gouges at a) 0˚/90˚ interface and b) 0˚/45˚ interface [4]. 
2.2.3 Toughening mechanisms for crack deflection 
For certain mechanisms, the behaviour of a delamination in the resin-rich interlaminar region 
has been compared to the fracture of an adhesive joint [104]. The crack propagating in the 
brittle adhesive layer is controlled by the delamination mode: for mode I the crack 
propagated within the adhesive layer, while when the mode II component was sufficiently 
large 
 ψ=atan GII
GI
 ≥15˚ (2-2) 
where ψ is the phase angle and GI GII the energy release rates in mode I and II, respectively, 
the crack propagated interfacially [105]. This has also been observed experimentally and it 
has been noted that the choice of interface (either the upper of lower interface) in a 
mixed-mode test configuration is governed by the sign of ψ, the phase angle of loading 
[106]. In composites this behaviour was also found experimentally and was verified by 
fractographic observations [4] as seen in Section 2.2.2.1.  
Furthermore a crack propagating in a two-phase material with a mismatch in the elastic 
modulus or thermal expansion coefficient between the matrix and the reinforcement particles 
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would induce residual strains that could divert the crack. For a carbon fibre composite where 
the elastic modulus of the fibre is greater than that of the matrix this mismatch produced a 
tangential compressive strain at the fibre/matrix interface that diverted the crack towards the 
fibre [107]. However, this effect of residual stresses due to thermal expansion coefficient 
mismatch in layered fibre composites was minimised because of the coupling between radial 
and axial residual stresses [108]. 
As a result of the crack propagating near one of the plies forming the delamination interface 
any heterogeneity found at that interface would affect the stress field at the vicinity of the 
crack tip [109]. In general, when a crack deviated from its principal stress plane due to 
features in the microstructure the stress intensity at the crack tip was reduced, contributing to 
the toughening of the surface [110]. For instance, small material undulations reduced the 
stress concentration at the crack tip in a bi-material interface [111-113]. This behaviour was 
observed in metals with second phase particles of different shapes [107]. As the crack was 
deflected the fracture area increased with respect to a planar crack. However, to simply add 
the energy required to create the extra area generated by the deflection was not enough to 
calculate the contribution of toughness of a tortuous crack. This approach was not valid 
because part of this energy was supplied by residual stresses [114] that arose from the 
mismatch of elastic modulus and/or thermal expansion coefficient between the matrix and 
the particles. Nevertheless, this surface area increase was a lower bound estimate of the 
toughening effect [107]. 
This toughening effect in mixed-mode was calculated by Evans and Hutchinson [115]. They 
proposed a model which included the effects of the crack non-planarity. This was done by 
quantifying the shielding effect of surface features on the energy release rates in an idealised 
interface morphology with a saw-tooth profile. However, in this study plasticity and crack 
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front frictions were not taken into account. (Figure 2-18). Different material and geometrical 
parameters were introduced to account for the geometric effects and contact during the 
sliding of the surfaces to ultimately arrive at an expression for crack shielding, 
 
∆G
G
= tan2 ψ
1-kα01+ tan2 ψ	
∆GG +1
1+ tan2 ψ
 (2-3) 
where  is a geometrical parameter and k a spring-stiffness coefficient. 
The “corrugated” nature of the interface is thought to be one of the causes why composites 
exhibit a greater toughness than pure resin [96] and similarly is thought to be the cause of the 
increase in fracture toughness as the percentage of mode II is increased under mixed-mode 
loading [95]. 
The effect of surface morphology on fracture toughness has largely been studied in adhesion 
problems; as shown, a rough surface is thought to present a greater toughness than a flat one. 
I.e. the crack will follow the path of least resistance, which in composites is thought to be the 
direction of the fibres. Research that studied features that have an inherent directionality, as 
grooves, ribbed surfaces or fibres are reviewed. The effect of these features in crack 
propagation was studied at a range of interfaces: polymer-polymer, metal-composite, and 
composite-composite and were obtained by machining, etching, or moulding. 
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Figure 2-18 Idealised contact geometry from [115]. 
To determine the effect of the orientation of directional features in mode I, grooves were 
machined into a PC-SAN bilayer polymer interface with a diamond-edged knife with depths 
ranging from 4 to 35 µm. For the deepest groves (35 µm) the fracture toughness with the 
grooves perpendicular to the growth direction was up to three times higher than the 
toughness with the grooves parallel to the growth. However, little effect was found on the 
4 µm deep grooves [116]. Also, the mechanical interlocking mechanisms observed may not 
be transposable to mode II. In mode II this influence has been studied in an ENF type 
configuration in a composite-metal interface with grooves etched into the metallic adherend 
and concluded that the depth of the features did not influence the fracture toughness. The 
ratio between the groove depth and their spacing was thought to play a greater role on the 
resultant fracture toughness [117]. The same size-independence effect on the fracture 
toughness has been found in metallurgy when studying the toughening effect of second phase 
particles in Mode I loading [107]. 
Another example of this effect caused by directional features has been observed in woven 
composites [118]. In this study, the authors tested carbon and glass woven composites in 
mode I. Plain, twill and 8 harness satin configurations were tested in two directions to verify 
the effect of the fill direction on the fracture toughness. The results showed that as the crimp 
decreased, the difference between the fracture toughnesses in both directions increased. For 
plain weave, both directions had similar values; however for twill and satin weave patterns 
delamination propagation in the fill direction showed lower resistance than that in the weft 
direction [119]. However, the paper just covered the case for mode I. This trend was 
confirmed by Marom et al [120] who tested plain weave woven composite at 0˚, 15˚, 30˚ and 
+45˚. It was concluded that an increase in the angle between the delamination and the 
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propagation direction led to an increase in the fracture toughness. It was suggested that this 
variation was linked to the increasing roughness of the fracture surface that increased the 
difficulty of crack propagation. These results are significant because woven materials do not 
exhibit the same degree of migration often observed when trying to grow a delamination 
obliquely to the fibre direction [120,121]. 
The delamination crack tip of a composite under mode II could exhibit a local opening due to 
the waviness of the surfaces sliding over each other after failure. This effect was quantified 
in an analytical model [93] to correlate the local mode I energy release rate (GIL)) at the 
crack tip and the global energy release rate mode II (GIIG). 
 GIL= 
AIIAI 
2 
1+ rd
rI
 tan2 θ  GIIG (2-4) 
Where rd and rI are the damage shift and the distance from the COD profile origin, 
respectively, AII and AI are variables dependent on plane stress elastic constants and θ is the 
surface waviness angle. However, this analysis was only conducted for unidirectional ply 
interfaces, and its applicability in angled ply interfaces is limited. 
2.2.4 Crack kinking and migration 
2.2.4.1 Mode I 
Crack kinking has been observed in tri-layer systems (aluminium/adhesive/aluminum) [122] 
(Figure 2-19) as well as in cross-ply composite layups [122-125] (Figure 2-20) in pure mode 
I tests. The growth of the interlaminar crack as well as the intralaminar crack is shown to be 
mode I dominated. The occurrence of these intralaminar cracks is explained by comparing 
both inter and intra-laminar GIC, whereby the intralaminar GIC was found to be lower than the 
interlaminar GIC [125].  
Literature review 
60 
 
Figure 2-19 Mode I crack path in brittle epoxy sandwiched by aluminium adherends [122]. 
 
Figure 2-20 Path of mode I delamination in a DCB crossply specimen [123]. 
2.2.4.2 Mixed-mode 
As shown previously (Section 2.2.3), delaminations under mixed-mode loading grow 
preferentially closer to one of the interfaces rather than cohesively through the resin-rich 
interlaminar layer. However, in reality the delamination does not always stay near to that 
interface but tends to migrate from the original plane of delamination to neighbouring 
interfaces. This phenomenon has been explained in conjunction with the stress state under 
mixed-mode loading at the resin rich interlaminar layer [45]. Once the delamination has been 
deflected towards one of the other plies, the fibres could either confine the crack at that 
interface (Figure 2-21a) or allow the crack to migrate (Figure 2-21b).  
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Figure 2-21 Migration mechanism, in a) 0°/0° ply interface and b) 90°/0° ply interface [45]. 
Examples of this phenomenon (often referred to as crack wandering, bifurcation, ply jumping 
or crack branching) were found in composites in impact damage [16,126], debonding of 
stiffeners in stiffened panels [127], adhesively bonded joints [128] and in delaminations 
growing from embedded defects [45,50,63,64] but also when testing non-zero interfaces in 
mode II fracture toughness tests [129-131]. 
In impact damage it was found that intraply cracks developed during loading and were 
connected to delamination creating a distinctive damage pattern (Figure 2-22) which was 
independent of the stacking sequence of the specimen. These cracks were at an angle with 
respect to the ply which suggested the influence of transverse shear stresses in the formation 
process. The cracks later propagated due to in-plane shear stresses. Damage also developed 
through the thickness until reaching an adjacent ply with a different orientation; at that point 
it deviated to interlaminar growth. Thus making delaminations and intraply cracks connect 
with each other. It was suggested that the sequence of the events started with intraply 
cracking followed by delamination, however this could not be proved fractographically 
[126]. 
In the of case skin/stiffeners debonding [21] subjected to compression loading multiple ply 
splitting was observed prior to failure caused by intralaminar shear. The ply split extended in 
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an increasing transverse tension loading and delamination followed growing parallel to those 
+45˚ ply splits. When elements, containing a single strip glued onto the coupon, were 
subjected to flexure another kind of mechanisms was observed [132]. In case of having an 
adhesively bonded stiffener, debonding initiated at the adhesive and propagated cohesively 
through the adhesive until migrating into the skin. Once the crack was propagating 
intralaminarly it was observed to migrate again. It was noted that the cusps in the zone of the 
ply were indicative of a high proportion of intralaminar shear. The subsequent delamination 
initiating from the ply split was reported to have grown in the fibre direction under high 
mode II. 
 
Figure 2-22 Superimposed damage from an impact [126]. 
Migration was also observed at a coupon level when characterising interlaminar fracture 
toughness in mode I and mode II tests on non-zero ply interfaces. Delamination migration via 
intralaminar ply splitting was consistently observed and a critical angle to avoid this 
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migration was identified to be 33.5˚ for mode I and between 7.5˚ and 10˚ for mode II 
[121,133]. A good example was found in an asymmetric ENF type configuration [130] which 
had a stacking sequence at the mid-plane of 0˚//45˚/90˚/-45˚/0˚(// denotes the midplane). 
When the precrack was placed at the 0˚/45˚ interface, delamination did not migrate. However 
as the precrack was placed in the successive interfaces +45˚/90˚, 90˚/−45˚, +45˚/0˚, the 
delamination migrated one, two and three times respectively until achieving the preferred 
interface 0˚/45˚. 
Migration in delamination coupons was thought to be caused by edge effects and this 
motivated a series of experiments where a starter crack was placed around the edges [17]. 
However, the presence of the insert did not prevent delamination migration in all the 
materials, the fibre diameter was reported as a possible cause of the difference [17]. It should 
be noted that the diameter would affect the degree of nesting between the fibres in the ply.  
An extensive report [131] focusing in the migration of 0˚/90˚ and 0˚/45˚ interfaces under 
mode II and mixed-mode loading identified the migration angle to usually take place within a 
single ply at the 0˚/90˚ interface at an angle between 78˚ to 64˚. Some specimens exhibited 
migration through two contiguous ply cracks but double jumps were confined to the 
vicinities of the free edge of the specimens. After the delamination had migrated through the 
90˚ it was arrested at the next 0˚ and the load had to be increased before the delamination 
would continue propagating. Migration at a 0˚/45˚ interface was observed to migrate through 
shallower angles (between 22˚ and 50˚) and generally multiple jumps were observed at the 
initiation edge converging to a single jump at the opposite edge. The need for a finer 
detection system than the CCD camera used was needed to capture the onset of the 
migration. Also, this study did not characterise the intraply conditions. 
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Recently, an experimental study aimed to control migration was based in controlling the 
shear loading acting at the interface. The delamination was first contained in a 0˚/90˚ 
interface. During the first part of the loading the shear sign directed the delamination towards 
the 0˚ ply (Figure 2-23). The fixture was designed to switch the sign of shear as the 
delamination grew making the second part of the crack being directed towards the 90˚ ply. 
Once it reached the 90˚ ply it was energetically more favourable to migrate through it than to 
continue propagating at that interface. It was concluded that while delamination was caused 
by mixed-mode loading, crack migration was mode I dominated [134].  
 
Figure 2-23 Micrographs of delamination migration at a 0˚/90˚ interface [134]. 
2.2.4.3 Analytical and numerical analysis to identify migration 
Crack branching has often been studied in the context of bi-material interfacial cracks. It was 
suggested that the same analysis tools can be applied to delamination migration in 
composites [134]. Interfacial cracks occur on a crack diverting away from the interface and 
growing into the interface materials. Analytical models were proposed to predict this 
behaviour in orthotropic materials [135] 
 Γsω)< Γiψ)G
kinkω,ψ)
Gi
 (2-5) 
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Γs,i being the fracture toughness of the substrate and the interface respectively. This 
expression accounted for the anisotropy of the toughness Γs with respect to the kink angle ω, 
and for the mixed-mode behaviour of the interface Γiψ). This method and the equivalent 
proposed by He and Hutchinson for isotropic interfaces and interfacing materials [136] 
 

GIc
>
G
Gc
 (2-6) 
where Gkink
 
is the maximum strain energy release rate for the kinked crack GIC is mode-I 
critical strain energy release rate. The parameter G and Gc are the strain energy release at the 
interface crack and the critical strain energy release rate at the interface, were both 
considered [41,134,137] to be a valid methodology to approach migration problems in 
delamination. 
Migration has been recently modelled by means of a method combining Floating Node 
Method and Virtual Crack Closure Technique (VCCT) [137]. In this method the 
delamination propagation was predicted with a Benzeggagh and Kenane failure criterion, 
while matrix crack propagation was assumed to follow a path that maximised mode I and 
was determined using the maximum tangential stress criterion. However, this approach is 
only suited for simple loading cases and would fail to predict migration cases when in-plane 
shear exists as observed in some migration cases [132]. 
2.2.5 Discussion 
Under mode II delamination, damage is often thought to initiate at the resin rich region 
between the plies [102], however, there is evidence showing that the initiation occurs at the 
matrix-fibre interface and propagates into the matrix [98]. Other mechanisms that are 
recurrent in multidirectional interfaces are gouges, their origins are not well understood [4]. 
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The understanding of the interaction of cusps and gouges could be the explanation of the 
different toughnesses values observed in delamination of multidirectional interfaces. 
Crack directionality has been studied in the context of adhesion and toughening mechanisms. 
The tortuosity of the crack path was used to justify the larger GIIC presented by composites 
compared to GIC but not to explain the differences obtained when a delamination propagates 
parallel or transverse to the fibre direction. The same analysis applied to calculate a curved 
path around an inclusion or an undulated bi-material interface could be applied to justify this 
behaviour. 
As introduced in Section 2.2.4, migration has been repeatedly observed for decades in 
coupons as well as in structures subjected to a range of different loads, bending, compression 
inducing buckling and impact. This migration originates from the interaction between 
intralaminar ply splitting and delamination. From the ply splitting morphology observed it is 
thought that these ply splits may have different causes. However, in all these diverse cases 
the delamination follows a similar trend of always developing at a preferred ply interface. 
This could indicate that the source of migration shares common mechanisms. 
The tests used to identify migration in composites [134] tried to characterise the conditions 
where migration would occur, yet a clear trend could not be determined. Analytically the 
application of models to predict crack kinking in isotropic materials could be used in 
composite materials if the ply properties are homogenised, this would require the 
characterisation of intralaminar toughnesses in a range of directions. 
2.3 Summary of the state of the art 
The major focus of attention to date when studying delamination has been both the 
characterisation of delamination fracture toughness in coupons and the reduction in strength 
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of the material due to the presence of the delamination, as well as the influence on the 
buckling behaviour of the component for embedded delaminations. In addition to the study 
of the global performance, the studies focusing on the delamination itself have looked to 
initiation values and sites. Little work has focused in the delamination growth mechanisms at 
a ply level.  
Current numerical models rarely take into account the effect of intra and translaminar failure 
on the propagation of the delamination. Neglecting this effect would lead into a 
misjudgement of the integrity of the structure. Furthermore, inaccuracies arise from the 
formulation used by these models to predict delamination. Those are formulated 
independently of the ply interface in which the delamination is growing. Although being 
presented separately in the literature review the mechanisms of directionality and migration 
in composites are intrinsically linked, once directionality cannot be met, migration will 
ensue. Their exact mechanisms have not been researched in composite materials. This 
considerable gap in the knowledge is the subject of this thesis. 
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 Thesis aims and plan Chapter 3.
From the gaps in the knowledge identified in Chapter 2 the aims of this thesis were: 
− To identify the failure mechanisms associated to delamination growth in CFRP. 
− To identify the conditions which promote delamination migration in CFRP. 
− To study the directional nature of delamination propagating at multidirectional ply 
interfaces in CFRP. 
− To study the effects of migration and directionality in delamination problems growing 
from complex geometries in CFRP. 
To achieve these aims, the following structure has been adopted. Chapter 4 presents the 
methods and materials used in this thesis. In Chapter 5 a preliminary study into 
embedded delaminations sets the starting point for the identification of the growth 
mechanisms that are important to the delamination growth behaviour. From these 
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observations two mechanisms are identified and isolated in Chapter 6 (directionality) and 
Chapter 7 (migration). 
Chapter 6 is divided into three sections: the first aims to demonstrate the directional 
effect of the directing ply at the delaminating interface in CFRP; the second aims to 
quantify this directional effect with a series of experimental studies with model materials 
chosen to highlight the geometrical effect of the fibres at the delaminating interface; and 
finally, the third section explores the possibility to implement directionality into 
conventional FE models that address delamination.  
Chapter 7 studies the second mechanism observed in Chapter 5; migration. This is done 
with a series of tests that isolate a single migration event. The stacking sequences 
explored in this Chapter were tailored to identify the conditions that led to migration. 
Also, the critical ply angle for delamination migration is addressed. 
Finally, in Chapter 8, the knowledge gathered from Chapter 6 and 7 is combined to 
explain migration and directionality on a more realistic test element; parallels are also 
drawn between this new set of specimens and the failure mechanisms observed in the 
specimens in Chapter 5.  
The results of Chapters 5 to 8 are discussed in Chapter 9; conclusions are outlined in 
Chapter 10 and implications and future work recommendations are given in Chapter 11. 
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 Methods and materials Chapter 4.
This chapter describes the methods and materials used for the manufacture of the test panels. 
The stacking sequences and panel size of the specimens are detailed in each Chapter. 
Due to availability, Hexcel IM7/8552 (0.25 mm ply thickness for Chapter 8 and 0.125 mm 
for Chapter 6 and Chapter 7) pre-preg was used to manufacture all the panels. The 
mechanical properties of this material are summarised in Appendix D [138]. Elastic and 
strength data for the IM7/8552 prepreg was taken from Reference [138]. To assess the 
quality of the prepreg used, mode I and mode II fracture toughness were measured and 
compared to the results obtained by Psarras [139] in 2008 with the same roll. The data for the 
honeycomb, adhesives and resin were taken from the manufacturers’ data sheets. Single fibre 
elastic data was found in the literature [140]. Acoustic emission parameters for this material 
are found in the literature [141]. 
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4.1 Layup and cure of composite panels 
The CFRP panels used in Chapters 6-8 were hand laid-up. During lay-up every sublaminate 
of four plies was debulked in a vacuum table. To achieve the required dimensions, the panels 
were oversized by 10 mm around the panel and the size of the cutting blade was also 
accounted for. Laminates were cured following the manufacturers recommended cure 
schedule in an LBBC Quicklock autoclave. When necessary a 10 µm PTFE film acting as 
crack starter or imperfection was inserted in the laminate during the layup. The film was cut 
with a scalpel for the straight inserts and the blade was mounted onto a compass to cut the 
circular inserts. For the sandwich panels containing an embedded delamination two 50 mm 
diameter inserts were used. 
4.1.1 Mounting of loading-blocks 
Aluminium alloy loading-blocks were used to introduce the load in specimens tested in end-
loaded split, fixed mixed-mode ratio (Chapter 6), single cantilever beam (Chapter 7) tests and 
double cantilever beam (Appendix E). The faces to be bonded were sandblasted; degreased 
and loading blocks bonded using Araldite 2011. The specimens were cured within aligning 
fixtures at room temperature. 
4.1.2 Sandwich panels manufacture 
For the sandwich panels a 40 mm thick Hexcel HexWeb CRIII honeycomb, non-perforated 
aluminium 1/8 inch cell was used as core and adhesive film Redux 312 was used to bond the 
CFRP skins to the honeycomb core. The faces bonded to the honeycomb were sand blasted 
and cleaned with isopropanol. The honeycomb was cut by hand to 200 mm x 200 mm and 
bonded in the middle of the panel together with two pre-moulded 32 mm x 50 mm x 200 mm 
epoxy/chopped glass fibre blocks which were placed at the panel ends. The skins were 
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bonded using Hexcel 312 film adhesive and cured in an autoclave following the 
manufacturer’s specifications [142]. A 1 mm hole was drilled through the first eight plies 
approximately to equalise the pressure. 
After the cure, the sandwich specimens were mounted in closed aluminium channels and 
filled with epoxy/chopped glass fibre. The faces of the skins in contact with the potting resin 
were grit blasted beforehand. After curing at room temperature over 24 h the specimens were 
machined to obtain an overall length of 300 mm ± 0.1 mm. 
4.1.2.1 Testing and Instrumentation 
Strain measurement 
FLA-10-11 strain gauges were used on the front and back skin to monitor membrane strains 
and detect global buckling of the panel.  
Digital image correlation 
The surfaces to be inspected were spray painted with white acrylic matt paint and a random 
speckle pattern was achieved with short pulses of black acrylic paint. A pair of cameras were 
placed on tripods 2.5 m from the specimen, whilst the lenses used were 50 mm/2.8 
Carl-Zeiss coupled to a GOM-Aramis computer equipped with the GOM v5.4 software 
[143]. The choice of distance to the specimen, angle between cameras and distance between 
cameras was chosen according to the manufacturer specifications [143] to produce a 
measuring volume of 200 x 160 x 160 mm³. The cameras were calibrated with a 175 mm x 
140 mm calibration panel equivalent to the measuring area of the specimen. 
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The quality (speckle size and contrast) of the speckle pattern of each specimen had 
previously been checked with an unloaded specimen. The default facet size of 15 pixels with 
a step of 13 pixels was used. Images were taken at rate of one image every 2 seconds or 5 
seconds depending on the loading step. The specimens were artificially lit with fluorescent 
tubes to remove any illumination variability glare and the brightness distribution of the light 
was checked by means of the false-colour mode of the ARAMIS software [143].  
Two main results were extracted: delamination growth rate and extent of the delamination. 
DIC was also useful to quantify any global bending that may have occurred and, for the 
specimens that exhibited surface damage, the strain field at the damage location.  
 
 a)  b) 
Figure 4-1 a) DIC data at increasing applied strain and fitted curve b) detail at delamination 
front with minima position shown with filled circles. 
A similar algorithm to that presented by Reeder et al [49] was used to determine the growth 
length. The out-plane displacement from the blister major axis was filtered with a smooth 
filter to remove noise and was extracted to post-process. The data was fitted to a 10 degree 
polynomial to determine the minima of the curve shown in Figure 4-1. Although the position 
of the minima could not be directly correlated to the delamination front it can be assumed 
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that this point would vary accordingly to the delamination front position and therefore, 
knowing the initial delamination size, it can be interpolated.  
Acoustic emission  
Acoustic emission [86] has proved to have been effective to capture the onset of the 
delamination growth. The delamination onset was characterised by a sharp increase in the 
acoustic activity count level. Four acoustic sensors, two differential (F-96 and F-30) and two 
nano (AH29 and AH28) from Physical Acoustics Corporation, were fixed with G-clamps to 
the specimen front face, the exact location of the sensor is given in Chapter 8. Silicon based 
acoustic gel was used as the couplant between the specimen and the sensors. A sample rate of 
10 MHz and a detection threshold of 50 dB were used to record the full acoustic waveform 
with the Physical Acoustics Corporation software, AEWin. Data was post-processed to filter 
low energy emissions due to background noise. The frequency spectrum of the acoustic 
waves was used to distinguish between the fracture modes [141]. The increase of the 
cumulative count rate was used as an indicative of the delamination initiation point [144,145] 
4.1.3 Failure analysis  
4.1.3.1 C-scan 
After failure and after the load steps that showed a significant growth, the panels were 
C-scanned in an immersion tank to characterise the delamination growth. Strain gauges were 
coated with micro-crystalline wax M-Coat W-1 to protect them from moisture during 
immersion and the hole plugged with putty. An ultrasonic 10 MHz focused probe with a 
50 mm focal distance was used in Time-of-Flight (TOF) mode and coupled to a full 
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waveform capture system (ANDSCAN v3.1 [146]). The TOF gate was placed over the 
delamination reflections to capture the depth of the delamination.  
4.1.3.2 X-ray 
To prevent X-ray penetrant from masking the fractographic features, X-radiographs were 
performed with X-ray opaque organic penetrant, fresh SigmaAldrich dibromoethane. The 
contact, dwell and exposure time were 2, 10 and 1.5 minutes respectively [147]. Exposure 
was performed at a voltage and intensity of 25 kV and 3 mA respectively which was dictated 
by the thickness and material to be exposed. 
4.1.3.3 Exposure of failed surfaces 
After the C-scans and the final test had been performed, the delaminated plies were exposed 
by cutting with a pneumatic circular cutter following the delamination front observed in the 
C-scans and being careful to minimise post-failure damage. In specimens where the growth 
was more intricate, some of the plies needed to be cut to allow for the surfaces to be 
separated. These sites were marked and recorded. Photographs of the failed surfaces were 
taken with a HP M4345-MFP flatbed scanner at a resolution of 300 dpi. 
4.1.3.4 Microscopy 
Specimens for electron microscopy inspection were obtained from both the failure surfaces 
and cut away from the delamination initiation sites to fit the microscope chamber. These two 
surfaces are identified as uppermost or lowermost matching surface (Figure 4-2) 
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Figure 4-2 Lowermost and uppermost nomenclature for panels containing embedded 
delaminations.  
 An Olympus stereo microscope at magnifications between 12.5x and 50x was used for initial 
inspection of the surfaces. For more detailed fractographic inspection a Hitachi S-3700N 
scanning electron microscope at magnifications between x10 and x5k with an acceleration 
voltage of 15 kV for composite and 5 kV for bulk resin. Specimens were mounted on stubs 
and gold sputtered between 20 and 60 seconds depending the size of the specimen in an Agar 
Automatic sputter coater. The micrographs were taken at 0˚ tilt except when otherwise 
specified. The zones of interest for both matching surfaces were particularly the insert 
boundary, where the delamination growth was thought to have started, and all the boundaries 
where two different failure modes had interacted. When analysing the fracture surfaces the 
following notation has been adopted: 
− Growth direction is represented by a full arrow    
− Relative movement of the matching surface is represented by a half arrow  
Original delamination plane
Upper sublaminate or uppermost matching surface
Lower sublaminate or lowermost matching surface
Delamination growth path
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 Preliminary study into Chapter 5.
embedded delaminations 
The damage growth mechanisms and the failure events at embedded delaminations have 
been studied using a set of specimens with artificially embedded defects at different ply 
interfaces. The focus of the work reported here was to characterise the delamination 
processes using fractographic techniques.  
5.1 Experimental details 
The specimens (Figure 5-1) were manufactured at DERA (Defence Evaluation and Research 
Agency, UK) and tested at FFA (Flygtekniska försöksanstalten, Sweden) in 2000 [148]. 
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Three 600 x 600 mm (after edges trimmed) laminates, were manufactured from HTA/919 
with a quasi-isotropic stacking sequence [(+45˚/-45˚/0˚/90˚)4]s. Twelve 250 x 150 mm 
specimens orientated at 0˚, 90˚, 87˚, 85˚, 80˚, 75˚, 65˚ and 45˚ were cut from the panels, each 
containing a circular defect consisting of a 50 mm diameter PTFE insert. To equalise the air 
pressure a 1 mm hole was drilled through the surface to the centre of the delamination plane 
[148]. Steel end tabs were mounted on the specimens leaving the lateral edges free; no 
anti-buckling guide was used for these tests. Specimens were tested in compression and were 
instrumented with strain gauges, whilst a non-contact laser gauge was used to detect global 
buckling. 
 
Figure 5-1 Embbeded delamination specimen dimensions. Units in mm. 
Strain gauges
Steel tabs
25
50
1
0
0
5
0
150
2
5
0
Insert 50Ø
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Table 5-1 Stacking sequence FFA specimens examined in this thesis. 
Specimen Stacking sequence Defect 3
rd/4th ply 
interface 
Delamination 
growth strain % 
L
 
[90˚/0˚/45˚/-45˚]4s 45˚/-45˚ -1.05 
K
 
[-70˚/20˚/65˚/-25˚]4s 65˚/-25˚ -0.96 
G
 
[-55˚/35˚/80˚/-10˚]4s 80˚/-10˚ -1.08 
C
 
[-48˚/42˚/87˚/-3˚]4s 87˚/-3˚ -1.27 
5.2 Experimental results 
5.2.1 Compressive test results 
The compressive testing demonstrated that local buckling had occurred before global 
buckling, whereas delamination onset was at a greater load than the panel global buckling 
load; i.e. all the delamination growth had occurred following global buckling. In all but one 
of the cases the base laminate bucked towards the thick sublaminate. A detailed analysis of 
the compressive test results can be found elsewhere [148]. The scope of this section is the 
interpretation of the failed surfaces which had not been conducted in the previous research. 
5.2.2 Failure analysis 
For this study only four specimens were analysed. Their stacking sequences are detailed in 
Table 5-1, with the insert situated between the 3rd and 4th plies. The baseline specimen 
chosen for the analyses was specimen L, defect at a +45˚/-45˚ ply interface. This specimen 
contained most of the failure modes encountered during the whole investigation, i.e. ply 
splits, delamination migration and fibre failure. In all the specimens, initial optical inspection 
identified tide marks visible on the exposed surfaces that matched the delamination fronts 
seen in the C-scans [148]. The study focused on the interaction between the delamination, 
splits and translaminar fractures. The specimens fracture surfaces are presented in Figure 5-2, 
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Figure 5-7, Figure 5-13 and Figure 5-18 and the summary of the failure sequence is 
presented separately in Figure 5-6, Figure 5-12, Figure 5-17 and Figure 5-20. 
5.2.2.1 45˚/-45˚ ply interface delamination 
 
Figure 5-2 a) Lowermost fracture surface and b) micrograph locations of specimen L (defect 
at 3rd/4th ply interface, +45˚/−45˚). Loading direction parallel to the 0˚ ply. 
Firstly, consider the baseline specimen (L) which contained an initial defect at the +45˚/-45˚ 
interface. Visible inspection (Figure 5-2) identified long ply splits of the 3rd (+45˚) and 2nd 
(0˚) ply and compression failure of the 2nd ply. Closer SEM examination of the specimen 
showed further small ply cracks in the 3rd ply all around the insert boundary extending 
parallel to the fibres. Figure 5-3 shows a detail of ply split B-B’ (Figure 5-2) that crossed 
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from the top-left to bottom right separating the image in to two distinct zones. In Figure 5-3, 
the top right region was a fibre rich region which had failed by mode II dominated 
delamination. While the bottom left was an imprint rich region (as explained in Section 
2.2.2.1) with fibre imprints of the adjacent 0˚ ply and was mode I dominated. 
 
Figure 5-3 Ply splitting of the 3rd ply (+45˚) of specimen L (defect at 3rd/4th ply interface 
+45˚/-45˚). Location (1) in Figure 5-2. 
The discontinuity of the features encountered on either side of the ply crack B-B’ indicated 
the growth of this intralaminar crack had been prior to the formation of the adjacent 
delaminated surfaces. Furthermore the features near the +45˚ ply split suggested that the 
delamination of the 0˚/+45˚ region had initiated from the ply split. However, there was some 
evidence that a number of intralaminar cracks had occurred after the delamination growth 
(Figure 5-4). This region on the insert boundary, near the delamination onset site, exhibited a 
mode I dominated delaminated surface. Contrarily to Figure 5-3 the features either side of the 
split were continuous enough to establish that the delamination had occurred prior to the ply 
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split. 0˚ ply splits were also found extensively in the 2nd ply, Figure 5-5, and were close to the 
intersection of a band of fibre failure and the principal ply split (B-B’ in Figure 5-2) in the 3rd 
(+45˚) ply.  
 
Figure 5-4 Ply splitting of the 3rd ply (+45˚) of specimen L (defect at 3rd/4th ply interface 
+45˚/-45˚). Location (2) in Figure 5-2. Uppermost matching surface. 
Near the delamination initiation site, in the +45˚/-45˚ ply interface, a region of microbuckled 
fibres was found which had failed under in-plane shear failure. The ply splits B-B’ and A-A’ 
may have acted as an initiation site for this shear failure as its path seemed to have followed 
the +45˚ ply split. This in-plane shear failure took place within the 0˚ ply and extended into 
the adjacent 3rd (+45˚) ply. The same in-plane shear failure then extended into a 0˚ 
compression failure until reaching ply split C-C’ in the 2nd (0˚) ply. Since the compression 
failure of the 2nd ply was confined between two ply splits (A-A’ and C-C’ in Figure 5-2) it 
was inferred that these two intralaminar failures had occurred prior to the compression 
failure. 
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Figure 5-5 Compression failure of the 3rd (+45˚) and 2nd (0˚) ply specimen L (defect at 3rd/4th 
ply interface +45˚/-45˚). Location (3) in Figure 5-2. Uppermost matching surface. 
The sequence of the events is summarised as follows (Figure 5-6): Ply splits first developed 
in the 3rd (+45˚) ply at the delamination insert (Figure 5-6a). Delamination then started 
propagating at the transverse boundary at 90˚ from the load direction in the 3rd/4th ply 
interface (+45˚/-45˚), (Figure 5-6b). Via one of those splits (B-B’ in Figure 5-2) the 
delamination then changed interface and started propagating in the ply interface 2nd/3rd 
(0˚/45˚), (Figure 5-6c) parallel to the 0˚ ply. Further ply splits continued to grow in the 3rd 
(+45˚) ply. Simultaneously, ply splits (A-A’ and C-C’ in Figure 5-2) developed in the 2nd (0˚) 
ply. From this A-A’ ply split (Figure 5-2) a translaminar fracture of the +45˚ and the 0˚ 
originated and extended until it reached ply split C-C’ (Figure 5-2). 
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Figure 5-6 Failure sequence of specimen L of stacking sequence [90˚/0˚/+45˚/-45˚]2s  
a) Ply split first develops b) delamination grows at +45˚/-45˚ ply interface and migrates 
through the ply split to a 0˚/45˚ ply interface c) ply splits develop in the 0˚ layer d) in-plane 
shear failure and compression failure of the 0˚. 
5.2.2.2 65˚/-25˚ ply interface delamination 
The next configuration (specimen K, Figure 5-7)) studied had a stacking sequence that had 
been rotated through 20˚ with respect to the previous specimen, such that the defect was 
located at a 65˚/-25˚ ply interface. This specimen exhibited three ply splits (A-A’, B-B’ and 
C-C’ in Figure 5-7) which resulted in a jump of the delamination interface.  
a) b) c) d)
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Figure 5-7 a) Lower fracture surface and b) micrograph locations for specimen K (defect at 
3rd/4th ply interface 65˚/-25˚). Loading direction parallel to the 0˚ ply. 
During microscopic observations further extensive ply splits of the 3rd ply were noted in the 
matching upper surface, which had initiated from the insert and extended into the rest of the 
ply. Uniquely, these three ply splits had led to a change of the delamination growth interface. 
Similarly to specimen L these ply splits (A-A’, B-B’ and C-C’ in Figure 5-7) had been prior 
to the delamination growth (Figure 5-9). Since these splits were located within the domain of 
the delamination growth initiation when the delamination front had encountered these ply 
splits the delamination was prompted to migrate. Figure 5-8 shows the boundary of the 
angled ply split. In this image, the upper region was a 65˚/-25˚ interface (type (i) in Figure 
5-7) whereas the bottom region was a 20˚/65˚ interface (Figure 5-7). Both regions are matrix 
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dominated and had failed by mode II dominated delamination. The central region of the 
image shows the flank of the 65˚ ply split which exhibited intralaminar cusps. No 
delamination was observed underneath this region in Figure 5-7 which was consistent with 
the ply split having been present when the delamination had reached that site.  
The sequence of the events is summarised as follows (Figure 5-12): Ply splits developed in 
the 3rd (65˚) ply and then delamination started propagating in the 3rd/4th ply interface 
(65˚/-25˚). Through one of the splits (D-D’ in Figure 5-7) the delamination changed interface 
and started propagating in ply interface 2nd/3rd (20˚/65˚). Ply split C-C’ (Figure 5-7) 
prompted the delamination to migrate to the 3rd/4th ply interface (65˚/-25˚). 
 
Figure 5-8. Flank of the angled ply split of the 3rd ply (65˚) in specimen K (defect at 3rd/4th 
ply interface 65˚/-25˚) Location (1) in Figure 5-7. 
Another example of ply interface 20˚/65˚ is shown in Figure 5-10 where two ply splits that 
had occurred within the 65˚ ply are pictured; extending across the image. Whilst the 
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uppermost split separated the delaminated region into two regions with very distinct 
morphologies, the lowermost split did not. This was consistent with the lowermost split 
having developed after the delaminated surfaces. This is similar to the observation in the 
previous specimen (Section 5.2.2.1) where ply splits in the 3rd layer developed both before 
(Figure 5-3) and after (Figure 5-4) the delamination growth. Finally, no compression failure 
was observed in any of the plies being the only specimen not exhibiting this mode of failure. 
Nevertheless fibre failure was present (Figure 5-11), an in-plane shear failure between two 
minor ply cracks was noted along the insert boundary. 
 
 
Figure 5-9. Ply split of the 3rd ply (65˚) in specimen K (defect at 3rd/4th ply interface, 
65˚/-25˚) Location (2) in Figure 5-7. 
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Figure 5-10 Ply split of the 3rd ply (65˚) in specimen K (defect at 3rd/4th ply interface 
65˚/-25˚) Location (3) in Figure 5-7. 
 
Figure 5-11 In-plane shear failure of the 3rd ply (65˚) in specimen K (defect at 3rd/4th ply 
interface 65˚/-25˚) Location (4) in Figure 5-7. 
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Figure 5-12 Failure sequence of specimen K of stacking sequence [-70˚/20˚/65˚/-25˚]2s  
a) Ply splits first develop in the 65˚ ply b) delamination grows at 65˚/-25˚ ply interface and 
migrates through the ply split to a 20˚/65˚ ply interface c) ply splits develop in the -70˚ ply. 
5.2.2.3 80˚/-10˚ ply interface delamination 
The next configuration considered was specimen G (Figure 5-13) in which the stacking 
sequence had been rotated by 35˚ compared to the baseline (specimen L, Section 5.2.2.1). 
The failure surface in specimen G was nearly entirely contained within the defect interface 
3rd/4th ply (80˚/-10˚), which had not been observed in specimen L. As can be seen in Figure 
5-13 ply splits had developed in the 3rd (80˚) ply, however their locations were distant from 
the delamination growth initiation sites. Therefore, unlike the baseline (specimen L) no 
interaction between ply splitting and delamination had occurred. A single ply split (A-A’) at 
the axial boundary (i.e. the boundary aligned with the load) of the insert had grown almost 
tangential to its boundary. As can be seen in Figure 5-14, from the absence of delamination 
beneath the 3rd /4th ply interface (Figure 5-13) it was deduced that the ply split had occurred 
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prior to the delamination growth in this zone. In fact it was thought that the delamination had 
been introduced by dissecting the surfaces for the SEM inspection.  
 
Figure 5-13 a) Lower fracture surface b) Micrograph locations for specimen C (defect at 3rd 
/4th ply interface 80˚/-10˚). Loading direction parallel to the 0˚ ply. 
Tangential to the lateral boundary (i.e. the boundary transverse to the load) of the defect, a 
ply split of the 4th (-10˚) ply had developed (C-C’ in Figure 5-13). From the middle of this 
ply split a -10˚ compression failure had started to extend away from the defect. Figure 5-15 
shows the surface of the 4th (-10˚) ply with a visible ply split. On the top left of the image a 
region of compression failed fibres could be observed. From the continuity of the fracture 
morphology it was inferred that the delaminated surfaces were generated prior to the ply split 
of the 4th (-10˚) ply (Figure 5-15). However, compression was after both, delamination and 
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ply splitting, which could be deduced by the presence of the compression failure only one 
side of the ply split C-C’, where it was thought to have originated. Similarly to specimen L, 
the compression failure was situated in the ply which was best aligned to the load direction. 
Similarly to specimen K, in-plane shear failure (Figure 5-16) had developed along the 
boundary of the insert. This in-plane shear failure was bounded between ply splits of the 4th 
ply (-10˚)  
The sequence of the events is summarised as follows Figure 5-17: Ply splits (A-A’ in Figure 
5-13) developed tangentially to the insert at the axial boundary in the 3rd (80˚) ply. 
Delamination started propagating in the 3rd/4th ply interface (80˚/-10˚). Ply split C-C’ (Figure 
5-13) developed in the -10˚ ply. Compression failure of this ply had originated at the ply split 
and propagated away from the insert. 
 
Figure 5-14 Ply split of the 3rd ply (80˚) in specimen G (defect at 3rd /4th ply interface 
80˚/-10˚). Location (1) in Figure 5-13 (Uppermost surface). 
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Figure 5-15 Ply split in the 4th ply (-10˚) in specimen G (defect at the 3rd / 4th ply; interface 
80˚/-10˚). Location (2) of Figure 5-13. 
 
Figure 5-16 In-plane shear failure in the 3rd ply (80˚) in specimen G (defect at 3rd/4th ply 
interface 80˚/-10˚). Location (3) of Figure 5-13. Upermost matching surface. 
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Figure 5-17 Failure sequence of specimen G of stacking sequence [-55˚/35˚/80˚/-10˚]2s  
 a) Ply splits first develop in the 80˚ ply b) delamination grows at 80˚/−10˚ ply interfaces, 
ply -10˚ splits c) compression failure of the -10˚ ply. 
5.2.2.4 87˚/-3˚ ply interface delamination 
The final specimen was rotated 42˚ with respect to the baseline configuration. This specimen 
presented morphologic similarities with specimen G, and it should be noted that they differed 
in rotation by only 7˚.  
Together with specimen G these specimens were the only ones that had exhibited fibre 
failure within the 4th ply. Visually, the failure morphologies appeared to have been similar; 
however, close examination led to the determination of a different failure sequence. As can 
be seen in Figure 5-19 the ply split in the 4th ply (-3˚) was after the translaminar compression 
failure of the ply contrary to the observations in specimen G (80˚/-10˚). This sequence was 
deduced by the observation that ply splits B-B’ and C-C’ in Figure 5-18 stopped at the 
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compression failure and the similarities in the fracture morphologies either side of the 
compression failure in Figure 5-19. 
 
Figure 5-18 a) Lowermost fracture surface and b) Micrograph locations for specimen K 
(defect at 3rd/4th ply interface 87˚/-3˚). Loading direction parallel to the 0˚ ply. 
The sequence of the events is summarised as follows (Figure 5-20): Ply splits (A-A’ in 
Figure 5-18) had developed tangentially to the insert at the axial boundary in the 3rd (87˚) 
ply. Delamination started propagating in the 3rd/4th ply interface (87˚/-3˚). Compression 
failure of this ply originated at the insert and propagated away from it. Ply split B-B’ and 
C-C’ (Figure 5-18) developed in the -10˚ ply. 
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Figure 5-19 Surface detail of the 3rd (87˚) ply in specimen C (defect at 3rd/4th ply interface 
87˚/-3˚). Location (1) in Figure 5-18. 
 
Figure 5-20 Failure sequence of specimen C of stacking sequence [-48˚/42˚/87˚/-3˚]2s 
a) Ply splits develop in ply 87˚ and delamination grows at 87˚/−10˚ ply interface b) 
compression failure of the -3˚ ply c) ply splits on the -3˚ ply. 
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5.2.3 Discussion of the failure analysis 
Based on the fractographic observations, the failure sequence and growth directions for 
Specimens L, K, G, C are summarized in Figure 5-6 to Figure 5-20 respectively. In general 
the sequence was as follows: firstly a delaminated blister developed above the defect plane 
(local buckling). Due to the high-bending strains at the insert boundary and in-plane shear 
from the unbalanced delaminated layers, ply-splits started developing on top of the insert and 
grew away from the insert along the 3rd ply parallel to the fibres. Ply splits particularly 
developed at the transverse boundary where the transverse tensile stresses were higher. The 
intralaminar failure had a larger shear component in specimen L (ply interface +45˚/-45˚) 
(Figure 5-8), while in specimen C (ply interface 87˚/-3˚) it was mainly tensile (Figure 5-19). 
When the 3rd ply was approximately orientated at 90˚, the ply strength at the transverse 
boundary was increased and therefore the major concentration of the ply splitting was shifted 
from the transverse boundary to the axial boundary of the defect where the bending moment 
was transverse to the applied load. This was the case of specimens G and C (80˚/-10˚ and 
87˚/-3˚ interfaces) where the ply splits were mostly concentrated on the axial boundary and 
therefore did not interact with the lateral delamination front (Figure 5-22 c and d). On the 
other hand, specimens K and L (+45˚/-45˚ and 65˚/-25˚ interfaces), which did not have a 90˚ 
ply in the blister or had it in the outer plies, exhibited considerable ply splitting around the 
lateral boundary (Figure 5-22a and b). The later delamination growth from the embedded 
defect encountered these cracks, and thus migrated to another interface.  
This mechanism was enhanced by the fact that the delamination tended to propagate along 
the upper ply interface [45]. This means that if the upper ply was aligned to the growth 
direction the delamination would remain in that same interface, which was the case for 
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specimens G and C where the upper ply, was 80˚ and 87˚ respectively. However for 
specimens K and L, (upper ply being 45˚ and 65˚ respectively) this was not the case. The 
delamination then migrated via ply splitting until the uppermost ply of the interface matched 
the growth direction.  
After the delamination initiation and growth, the generated delaminated surfaces lacked 
out-of-plane support. The fibres in the load carrying plies (i.e. 0˚ or close to this orientation) 
which were at such free surfaces, microbuckled and ultimately failed. Compression failure 
started near delamination initiation site and propagated away from the insert. Fibre 
microbuckling was observed in specimens G, C and L (Figure 5-21). For specimens where 
there was no predominant load carrying ply exposed, such as in specimen K, compression 
failure did not develop. Similarly specimens G and C did not have significant load carried 
within the first three plies and therefore the compression failure was located within the 4th 
ply (-10˚ and -3˚ respectively). This compression failure was thought to have been a stable 
event that propagated together with the delamination. 
To summarise, the local growth direction was dictated by the direction of the fibres at the 
fibre dominated side. Delamination migration occurred when a ply split developed in the 
vicinity of delamination front. The location of these ply splits was dictated by the stacking 
sequence of the delaminated plies. As a late event, if delamination developed at an interface, 
adjacent plies aligned with the load were likely to exhibit fibre micro-buckling leading to 
compressive failure. The overall failure mechanisms were strongly affected by the stacking 
sequence. 
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Figure 5-21 Microbuckling detail of the 4th (-10˚) ply of specimen G (defect at interface 
3rd/4th 80˚/-10˚) (Lower most Matching Surface) 55˚ tilt Location (2) in Figure 5-13. 
 
 a)  b) c)  d) 
Figure 5-22 Ply split location for specimen a) L (+45˚/-45˚), b) K(65˚/-25˚), c) G(80˚/-10˚) 
and d) C(87˚/-3 ˚). 
Subsequently, the lack of in-plane support introduced ply splits would have allowed the 
sliding of the regions at ply interface 2nd/3rd. This would have promoted the in-plane shear 
failure observed in specimens G and K (80˚/-10˚ and 65˚/-25˚) at the boundary of the insert. 
Consider the 3rd ply in the vicinity of the defect boundary (Figure 5-23a); while the upper 
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surface at this plane was still attached to the upper sublaminate the lower part was free 
(Figure 5-23b). In the other side of the boundary, and after a certain growth of the 
delamination, the situation would have been inverted (Figure 5-23c). The uppermost surface 
of the ply was free whilst the lowermost surface was still attached to the lower sublaminate. 
This led to a high stress concentration in the 3rd ply resulting in its failure (Figure 5-23d). 
a) 
  
 
Figure 5-23 Detail of the boundary of the insert of specimen K. The dark greyed area 
represents delamination at ply interface 3rd/2nd. The 1st and 2nd ply are not split but only a 
random strip XY-X’Y’ is shown for clarity. 
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 Delamination directionality Chapter 6.
6.1 Introduction  
Two main conclusions have been drawn from the fractographic study of the embedded 
delaminations in Chapter 5. The first is that the fibres seem to direct the local crack growth 
independently of the global crack growth direction and the second is that migration will 
ensue if delamination is forced to grow obliquely to the fibres. In the literature review 
(Chapter 2), the concept of crack tortuosity and its effect on the critical energy release rate at 
an interface was introduced. It was found [109] that the presence of heterogeneities at an 
interface would affect the stress factors at the crack tip. Previous results in literature [119] 
suggest that the same directional behaviour is to be expected in composites. 
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Directionality refers to the guiding effect that the fibres at one of the plies at the interface 
will have on the crack growth direction. The ply that is guiding will be hereafter identified by 
an underline. Whether it is the uppermost or lowermost ply at an interface which dictates the 
growth direction is determined by the orientation of the principal stress at the interface region 
and will be identified for each configuration used. The guiding ply will be referred to as the 
controlling or directing ply at the interface. 
This Chapter aims to firstly prove, and secondly, quantify the directing effect of the fibres 
and to understand the toughening effect that they may have when delamination propagates 
next to one interface. The Chapter is divided in two Sections following these two objectives. 
Firstly a CFRP specimen is used to demonstrate the preferential growth direction of 
composites and secondly the geometry of a CFRP ply interface is replicated in a macroscopic 
model to quantify the directional effect of fibres. 
6.2 Carbon fibre specimens 
As shown in Figure 6-2, a novel, yet simple experimental configuration was proposed to 
demonstrate delamination directionality. This configuration was based on an end-loaded split 
(ELS) [149] width tapered specimen (. The stacking sequences were chosen to achieve 
preferential growth of the delamination in different directions. Four cases were studied: a 
baseline in which the delamination direction coincided with the directing ply direction (0˚) 
(Configuration 1). Configurations 2, 3 and 4 had mismatch angles between the span wise and 
directing ply directions of +45˚, −45˚ and 90˚ respectively. This configuration had the 
advantage of exhibiting stable crack growth [150] and of providing a large fracture area to 
facilitate inspection using fractographic techniques.  
Delamination directionality 
105 
6.2.1 Experimental details 
Four 250 x 200 mm panels were manufactured using the stacking sequences shown in Table 
6-1. The stacking sequences were chosen to minimise bending-twisting coupling and ensure 
similar bending stiffnesses in the arms. The predicted engineering constants using classic 
laminate theory are found in Table 6-1. Parameters Dx and Bt quantify the uniformity of the 
strain energy release rate, ensuring a straight crack front in beam-type specimens. These are 
defined as: 
 DC=
D12
2
D11D22
 (6-1) 
and  
 Bt=
|D16|
D11
  (6-2) 
in which D11, D12, D22 and D16 are the components of the laminate stiffness matrix, Dx= D11 
and Dy= D22. DC quantifies the non-uniformity in the SERR distribution at the crack front, i.e. 
it gives the shape of the crack front due to longitudinal-transverse bending coupling. A 
higher DC, signifies a more curved the crack front. This parameter was initially proposed for 
mode I double cantilever beam specimens (DCB) [151], and was later used in mode II end-
notched flexure specimens (ENF) [152] and mixed-mode single leg bending specimens 
[153]. The parameter Bt indicates the skewedness of the G distribution at the crack front due 
to bending-twisting coupling, where a Bt signifies a more skewed crack front. This parameter 
has been used as a design parameter for DCB and ENF [154] and later for mixed-mode 
asymmetric double cantilever beam and asymmetric mixed-mode flexure [155]. 
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Table 6-1 Stacking Sequences for the four configurations studied and predicted engineering 
properties. 
 
Stacking sequence 
 (with respect to span) 
Dx 
(Nmm2) 
Dy 
(Nmm2)
 
Dc 
[152]
 
Bt 
[154]
 
Configuration 1 
 90˚/0˚ 
[(90/+45/-45/0)s(90/-45/+45/0)s // 
(0/-45/+45/90)s (0/+45/-45/90)s] 39.1 53.7 0.098 0 
Configuration 2 
+45˚/-45˚ 
[(+45/0/90/-45)s(+45/90/0/-45)s // 
(-45/90/0/+45)s(-45/0/90/45)s] 36.5 36.5 0.103 0 
Configuration 3 
 -45˚/+45˚ 
[(-45/0/90/+45)s(-45/90/0/+45)s // 
(+45/90/0/-45)s(+45/0/90/-45)s] 36.5 36.5 0.103 0 
Configuration 4 
 0˚/90˚ 
[(0/-45/+45/90)s(0/-45/+45/90)s // 
(90/+45/-45/0)s(90/-45/+45/0)s] 39.1 53.7 0.098 0 
 
Configurations 2 and 3 differed only in the sequence of the +45˚ and -45˚ plies, which 
guaranteed the same flexural properties whilst achieving different delaminating interfaces. 
Configurations 1 and 4 were obtained by rotating Configuration 2 by +45˚. It should to be 
noted that Configuration 4 had the same stacking as Configuration 1 but was inverted when 
tested. Five specimens of each configuration were cut from the four panels. The specimens 
were tested in an Instron universal testing machine with a 10 kN load cell at a loading rate of 
2 mm/min. The black zone in Figure 6-2 indicates the area that was clamped in an ELS 
fixture mounted on rollers and a prescribed displacement was applied on the loading block. 
 
Figure 6-1 Stress state at the crack tip under a pure interlaminar shear configuration. 
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Figure 6-2 End-loaded split (ELS) width tapered specimen with end-block. Precrack insert 
shown in grey and clamping area in black. Units in mm. 
6.2.2 Experimental results 
6.2.2.1 Test results 
The load-displacement curves are shown in Figure 6-3, for clarity only one representative 
specimen from each configuration is shown. The test configuration was very sensitive to the 
initial crack length and the clamped length which caused an inconsistency in the stiffness.. 
However, it should be noted that the fracture processes were highly reproducible and the 
specimens of the same configuration shared major similarities regarding the migration 
location and delamination growth paths. Configurations 2 and 3 exhibited mirrored 
morphologies and are hereafter analysed conjointly.  
4
2
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5
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Table 6-2 Measured damage initiation moments. 
 Damage Initiation Moment (N·m) 
Configuration 1 
Interface 90˚/0˚ 30.1. ±1.7 
Configuration 2 
Interface +45˚/-45˚ 31.3 ±4.7 
Configuration 3 
Interface -45˚/+45˚ 30.4±5.8 
Configuration 4 
Interface 0˚/90˚ 37.3±3.9 
 
 
Figure 6-3 Load displacement curves for four typical specimens. 
The TOF C-scans revealed the extent and growth interfaces of the delamination prior 
dissection. It should be noted that these C-scans (Figure 6-4) were taken from the back face 
and thus show mirrored ply directions. The delamination migrated towards the lowermost 
face as was expected from the orientation of the principal stress at the crack tip (Figure 6-1).  
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 16th/17th  17th/18th  18th/19th  19th/20th   
 
 
 
 
 
e) Configuration 2 
Interface +45˚/-45˚ 
a) Configuration 1  
Interface 90˚/0˚ 
b) Configuration 2 
Interface+45˚/-45˚ 
 
 
c) Configuration 3  
Interface -45˚/+45˚ 
d) Configuration 4 
Interface 0˚/90˚ 
Figure 6-4 a)-d) Time of flight C-scans showing the delamination propagating at different 
interfaces. e) Example of Configuration 3 showing growth rings. 
For all four configurations it was apparent that the delamination had grown at four different 
ply interfaces starting from the mid-plane (depth 2.00 mm from the back surface) changing to 
the adjacent 17th/18th interface (depth 1.88 mm) and migrating twice more to 18th/19th (depth 
1.76 mm) and 19th/20th (depth 1.63 mm) interfaces. Configuration 1 (directing ply 0˚) 
exhibited a central area that did not present migration. Similarly, in Configurations 2 and 3 
(Figure 6-4b and c) there were bands where the delamination had not migrated; these 
corresponded to the sites at which preferential growth had been anticipated (i.e. the growth 
and lower ply directions were coincident). In contrast, the delamination in Configuration 4 
changed interface at the edge of the insert propagating entirely at the 17th/18th and 18th/19th 
interfaces. The position of the first migration at the insert edge for Configuration 2 and 3 
  0˚ 
90˚ 
-45˚ +45
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together was calculated from the C−scans to be 11.7 mm±4.2 which corresponds to a ratio of 
0.35±0.09 over the total of the insert length at the edge. 
6.2.2.2 Fractographic results 
After exposing the specimen fracture surfaces details of the migration became apparent. 
Specimens were carefully levered apart with a chisel to expose the failed surfaces. When 
necessary pliers were used to cut the plies that were bridging the crack faces, the introduced 
damage was marked and recorded. Visual inspection of the delamination surfaces (Figure 
6-4) revealed the presence of growth rings [4] verifying the C-scan results and confirmed the 
presence of delamination migration. All the micrographs reported in the subsequent images 
correspond to the lowermost matching surface, if not mentioned to the contrary, and they are 
therefore expected to be fibre dominated [4] when deducing the local crack growth directions 
from the cusp orientation. 
In Configuration 1 (Figure 6-5) delamination had started growing from the mid-plane in the 
resin rich interlaminar region and was directed downwards until reaching the 17th ply (0˚ in 
Figure 6-6) leaving a fibre-dominated morphology at the lower interface [4]. The 
delamination growth direction deduced from the orientation of the cusps visible in Figure 6-7 
was parallel to the fibres and coincided with the direction in which the matching face had 
displaced in shear. Extensive ply splits were observed in the 17th ply (0˚) starting from the 
free edge and growing away from the insert. The presence of intralaminar shear at the ply 
splits A-A’ (Figure 6-8) was consistent with the global bending of the specimen. Also, the 
continuity of the matrix features between the 0˚ and -45˚ plies and -45˚ and +45˚ plus the 
direction of the riverlines (Figure 6-9) suggested that the delamination followed a continuous 
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path to change interface. This could have been due to the ply crack being an early event prior 
to delamination.  
 
Figure 6-5 Photograph and 3D sequence representation of the typical specimen morphology 
(Configuration 1) with micrograph locations indicated. 
Once the delamination had reached the A-A’ ply split it migrated towards 0˚/-45˚ interface 
(17th/18th). At this interface, the global shear direction and the directing ply -45˚ had a 
relative angle of -45˚. This mismatch led to a successive migration towards the +45˚ ply. The 
delamination at the 0˚/-45˚ (17th/18th) interface was limited to the vicinities of ply split A-A’ 
and migrated almost instantaneously to the -45˚/+45˚ interface (18th/19th), as the absence of 
delamination at the 0˚/-45˚ interface in the C-scan (17th/18th in pink) demonstrated (Figure 
6-4a). The ply splits that led to these two consecutive migrations had different morphologies: 
the first one, A-A’, presented a higher degree of intralaminar shear (Figure 6-8), whilst in the 
second one (-45˚ ply) (Figure 6-9 left) the cusps at the split were shallower (Figure 6-9 left) 
implying a larger transverse tension component. This delamination growing at two interfaces 
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connected by the -45˚ ply led to a stress concentration at the -45˚ ply which in all five 
specimens of this configuration resulted in an in-plane shear failure (i.e. fibre fracture) of 
the -45˚ ply coincident with the 0° ply split A-A’. This in-plane shear failure had been 
observed in X-radiographs performed prior to the dissection. Contrarily, in ply split B-B’ no 
fibre failure was induced because the delamination had reached a favourable (0˚/-45˚) 
interface after a single ply jump (Figure 6-10). 
 
Figure 6-6 Micrograph at the insert edge from a typical Configuration 1 specimen at location 
(1) (Figure 6-5) with the ply interfaces labelled. 
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.  
Figure 6-7 Micrograph at the insert tip from a typical Configuration 1 specimen at location A 
(Figure 6-6). 
 
Figure 6-8 Micrograph of a 90˚ intraply crack from a typical Configuration 1 specimen at 
location B (Figure 6-6). 
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Figure 6-9 Micrograph of a -45˚ intraply crack from a typical Configuration 1 specimen at 
location C (Figure 6-6). 
 
Figure 6-10 Micrograph of a 0˚ intraply crack (B-B’) from a typical Configuration 1 
specimen at location (2) in (Figure 6-5). 
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Configurations 2 and 3 (Figure 6-11) shared some of the features observed in Configuration 
1. The larger region of delamination corresponded to the 90˚/0˚ interface (17th/18th). As well 
as in Configuration 1, where the larger delamination region was at the 90˚/0˚ (16th/17th) 
interface, the directing ply in these areas was a 0˚ ply. Similar to Configuration 1, these ply 
splits (D-D’ and E-E’) had an associated intralaminar shear component (Figure 6-8).  
At ply split D-D’ the delamination had migrated to a -45˚/90˚ interface, however, after 
migrating, the 90˚ directing ply was at an angle close to 90˚ with respect to the growth 
direction and was promoted to migrate again to a 90˚/0˚ interface (18th/19th). At this interface 
the delamination locally matched the global direction of growth and therefore remained at 
that ply interface. In the same manner as in the Configuration 1, these double migrations led 
to an in-plane shear failure of the 90˚ ply along ply split D-D’ in some of the specimens of 
Configuration 2 and 3 (Figure 6-11) While in the remaining specimens the fibre failure was 
not concentrated at the vicinity of the ply split but had developed gradually. The fracture 
surface exhibited both, straight cusps at the centre of the insert boundary and cusps that were 
slightly misaligned to the normal of the adjacent fibres (Figure 6-12) which was consistent 
with an increase in the proportion of mode III [4].  
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Figure 6-11 Photograph and 3D sequence representation of typical Configuration 2 and 3 
specimen with micrograph locations indicated. 
 
Figure 6-12 Micrograph at insert boundary from a typical Configuration 3 specimen at 
location (3) (Figure 6-11). 
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Figure 6-13 Micrograph of the uppermost matching surface at the insert edge from a typical 
Configuration 3 specimen at location (4) (Figure 6-11). 
In Configuration 4 (Figure 6-14) the delamination had migrated right at the edge of the insert 
towards the 90˚/+45˚ Interface (Figure 6-15). The morphology of this ply split (G-G’) was 
mainly intralaminar mode I dominated and broken fibres were observed. After migration the 
delamination had propagated parallel to the +45˚ ply and after reaching the ply split F-F’ it 
was promoted to migrate downwards to the+45˚/-45˚ Interface. Once the delamination had 
reached the central area at this specimen, where there was major mismatch between the 
growth direction and the fibres, a series of ply splits led to a further change of interface 
towards the -45˚/0˚. It should be noted that the nature of this migration was different to that 
of the ones observed previously: the delamination had migrated through a series of ply splits 
(Figure 6-16)contrarily to a very distinct (i.e. single) ply split (A-A’ to G’-G’). 
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Figure 6-14 Photograph and 3D sequence representation from a typical specimen of 
Configuration 4 with micrograph locations indicated. 
 
Figure 6-15 Micrograph of the lowermost matching surface at the insert edge from a typical 
Configuration 4 specimen at location (5) (Figure 6-14). 
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Figure 6-16 Micrograph of intraply crack of the -45˚ from a typical Configuration 4 
specimen at location (6) (Figure 6-14). 
6.2.3 Numerical analysis details 
The objective of this Section was to explore the possibilities to model the directionality effect 
of the fibres. Also, the numerical models were used as a tool to validate some of the 
fractographic observations, such as the mode mixity at the crack front. The possibility of 
adding the fibre effect of the direction into the two currently most used methods for 
modelling delamination, VCCT and cohesive elements, was explored. 
Two independent analyses were performed with two different objectives. Firstly, the 
distribution of the strain energy release rates at the crack front was studied with VCCT. In 
this first analysis, the SERR is explicitly calculated and can be easily manipulated to include 
the fibre direction information. Secondly, a study of sensitivity to the interface anisotropy in 
cohesive elements was proposed to evaluate the capability of the method to model composite 
interfaces.  
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6.2.3.1 Analysis 1: Strain energy release rate distribution at the crack front 
The partitioning of the strain energy release rates needed to be redefined to account for the 
direction of the fibres of the directing ply. The displacement jumps near the crack tip are 
expressed in components normal to the crack plane (mode I) or parallel to the crack plane 
(shear mode). The latter is further divided in two components, one normal to the crack front 
(mode II) and one parallel to the crack front (mode III). The nodal forces can also be 
projected in these directions. While this definition is useful for calculating mode I, II and II 
SERR in isotropic interfaces, its usage is limited for composite ply interfaces.  
Attempts have previously [76] been made to redefine the virtual crack closure technique to 
account for the fibre effect. The method suggested by Lord et al [76] defined a point at the 
same distance as the node used for the calculation of the displacement in VCCT but aligned 
in the direction of the fibres at the directing ply (Figure 6-17). The coordinate system for the 
extraction of nodal forces and displacements was also defined according to the direction of 
the fibres at the directing ply. A change of coordinate system in VCCT is commonly 
performed for geometrically non-linear problems and for arbitrarily shaped delamination 
fronts [72]. The proposed modifications were not implemented in the paper [76] and are here 
explored with the current geometry of the tapered width ELS. 
Figure 6-17 outlines the main difference between a one-step VCCT [156] and the 
modification proposed by Lord et al [76]. Mode II and mode III energy release rates are 
defined with a one-step VCCT analysis as: 
 GII=
FIIi
UIIj-UIIk
2 L b
 (6-3) 
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 GIII=
FIIIi
UIIIj-UIIIk
2 L b
 (6-4) 
Where FII and FIII are the nodal forces in mode II and mode III respectively and UII and UIII 
are the displacements in mode II and mode III respectively. L and b are the length and the 
width of the element of area considered. If the fibre direction (x direction) is taken into 
account, the partition of the energy release rates for the new approach then becomes 
 Gx=
Fxi
Uxj-Uxk
2 L b
 (6-5) 
 Gy=
Fyi
Uyj-Uyk
2 L b
 (6-6) 
j and k being a pair of nodes defined to be at the same distance L than the previous nodes. 
And the total SERR is defined as the sum of the three modes: 
 GT=GI+Gx+Gy (6-7) 
This new definition (Eq. 6-5 and Eq. 6-6) was used to calculate the energy release rates at the 
crack front for the width tapered ELS (Figure 6-21). For this calculation to be valid the 
delamination had to remain within the original defect plane which was only true at the insert 
boundary. Gx will hereafter be referred as “axial” shear mode and Gy as “transvserse” shear 
mode. For the SERR calculations the node used to extract the displacements was not aligned 
with the fibre direction of the directing ply as shown in Figure 6-17. Instead, the node normal 
to the crack front was used as recommended by Smith et al [157]. It was shown that the 
results were independent of the nodal location where the displacements were extracted for a 
sufficiently refined mesh provided the results were translated according the element length 
(Appendix F). 
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 a) b)  
Figure 6-17 Nodal positions for the calculation of a) one step VCCT b) one step VCCT with 
coordinade system aligned with the directing ply [76]. The red line indicates the crack front, 
above the line represents uncracked material. 
Model details 
The twenty four outermost plies were modelled with continuum shell elements (SC8R [158]) 
with homogenised elastic properties, with a single element through the thickness. The 
remaining inner eight plies were modelled with one layer of solid elements (C3D8 [158]) per 
ply (Figure 6-18). The two arms were tied together and the initial precrack was modelled 
leaving those nodes untied. The clamping conditions in the vertical (c) and transverse 
directions (b) were introduced at the surface nodes in the clamping area (Figure 6-2). Axial 
displacements (a) were left unconstrained. Two meshes were studied and the sensitivity of 
the results to the mesh density is presented in Appendix F. Material properties are listed in 
Appendix D.  
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 a)  b) 
Figure 6-18 a) Fine mesh used in the numerical analysis and b) through the thickness detail 
of element layout.  
6.2.3.2 Analysis 2: Directional effect of the fibres 
Typically when modelling composite interfaces with cohesive elements, displacement jumps 
and shear tractions in the two directions on the plane (direction 2 and 3) of the ply interface 
are accounted together as 
 δshear=δII)2+δIII)2 (6-8) 
 
tshear=tII)2+tIII)2  (6-9) 
and a single value for the critical SERR of the interface is used [77]. 
In this Section, the directional effect of the fibres using cohesive elements was achieved by 
increasing the critical strain energy release rates in the direction perpendicular to the fibres. 
The mode III critical SERRs were obtained experimentally for θ/-θ interfaces and are shown 
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in Appendix D. A study of the sensitivity of the shape of the crack front to these parameters 
was conducted. A parameter to describe the shape of the crack was introduced (Figure 6-19), 
 
s=
l
l
 
(6-10) 
Figure 6-19 Asymmetry parameter definition. 
la and lb being the length of the delamination in the left and right edge respectively. This 
parameter is plotted at a given time against the prescribed ratio between GxC and GyC, being 
the value of GxC constant. The damage initiation criterion used was a maximum strength 
criterion while the damage propagation criterion was a quadratic criterion: 
 
 GI
GIC
2 + 
 GII
GIIC
2 + 
 GIII
GIIIC
2  (6-11) 
6.2.4 Numerical analysis results 
6.2.4.1 Analysis 1: Strain energy release rate distribution 
The distribution of the SERRs at the crack front was computed for the four configurations 
using the transformed coordinates to match the direction of the fibres of the directing ply 
Firstly, the total energy in shear was verified to be constant after the coordinate 
transformation was applied (Figure 6-20).  
l
a l b
x y
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Figure 6-20 Total shear SERR for Configuration 3. 
 
Figure 6-21 Predicted energy release rate distribution along the crack front of a) 
Configuration 1, b) Configuration 2, c) Configuration 3 and d) Configuration 4.  
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The total SERR distribution is shown in Figure 6-21 for all four configurations. Distance at 
the crack front is normalised with the total crack width. Configuration 1 and 4 had the same 
distribution but Gx and Gy were inverted. The same was true for Configurations 2 and 3. 
6.2.4.2 Analysis 2: Sensitivity of fracture toughness in cohesive elements 
Parameter s was seen to vary during the analysis (Figure 6-22), therefore the same time was 
considered for all the models. Figure 6-23 shows the sensitivity of the crack front shape to 
the input values of critical energy release rates in the two directions. Although there is some 
noise due to the finite mesh size, the parameter s seems to reach a plateau after a ratio of 
GxC/GyC≈10. This indicates that the accurate characterisation of the transverse critical SERR 
is less important if the difference between these two values is greater. This result is also 
intuitive; if the transverse mode critical SERR is sufficient relatively to the other SERR 
values, no growth would develop in that direction. 
 
Figure 6-22 Asymmetry parameter time evolution during FE analysis (GyC/ GxC=50). 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
Analysis time
A
sy
m
m
et
ry
 p
ar
am
et
er
 s
Delamination directionality 
127 
 
Figure 6-23 Asymmetry parameter sensitivity as a function of the ratio GxC/GyC (t=1). 
 
6.2.5 Correlation between cusp angle and mode II/III mixity 
It is known that the cusp tilt angle can be correlated to the I/II mode mixity. An attempt to 
quantify this relationship was made by Greenhalgh [8] who proposed the expression 
 
GI
GII
=A cot2 β,  (6-12) 
where A is a constant and β the measured tilt angle. A similar trend has been observed during 
the fractographic studies of the CFRP specimens. The insert boundary exhibited a range of 
mode II/III mixities (Figure 6-21) which were correlated to the morphology of the cusps, as 
presented next for Configurations 1 to 3. Only the areas where migration was not observed 
were inspected.  
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A detail of a representative cusp with a high mode III (transverse shear) component is shown 
in Figure 6-25, which highlights riverlines starting at the fibre imprint. The riverlines are not 
enough to determine the global growth and the textured microflow growth direction needs to 
be resolved. 
At the centre of Configuration 1 specimens (A in Figure 6-24), where the axial shear mode 
(here coincident with mode II) was predominant, cusps formed perpendicular to the direction 
of the fibres (Figure 6-26). The micrograph closer to the free edge (B in Figure 6-24) 
demonstrates that the presence of a transverse shear mode (here coincident with mode III) 
increased tilting the angle at which the cusps originated (Figure 6-27). Serrated feet could 
also be observed. The direction of the riverlines indicated that the cusps originated at the 
fibre and propagated transversely. This implied that the local growth direction was not 
aligned to the global crack growth. In Configuration 2 and 3, the situation was reversed; the 
cusps were tilted at the centre, location A (Figure 6-28), and straight at the free edge, location 
B, (Figure 6-29) as expected from the calculation of the transverse mode in Figure 6-21. 
 
Figure 6-24 Location of micrographs, A, center and B closer to the free edge. 
These two results were directly correlated to the SERR calculation (Figure 6-21). When the 
axial shear component (Gx) was dominant, the cusps were aligned perpendicular to the 
direction of the fibres. Conversely, when the transverse shear component (Gy) was dominant, 
BA
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they presented two morphologies: cusps with serrated feet in the fibre-dominated side and 
cusps parallel to the fibres in the resin dominated side.  
 
Figure 6-25 Detail of a high mode III cusp. 
 
The region where a high transverse shear mode was encountered coincided with the regions 
where migration was observed. This, together with the fact that mode III test usually 
generates migration from the original defect plane [39,159,160], suggested that the ratio 
Gx/Gy can be used as a predictive tool for delamination migration. 
 
10 μm
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 a) b) 
Figure 6-26 a) Fibre-dominated lower matching and b) matrix-dominated upper matching 
surface at the insert boundary of a typical specimen of Configuration 1 at location A. 
 
 a) b) 
Figure 6-27 a) Fibre-dominated lower matching and b) matrix-dominated upper matching 
surface at the insert boundary of a typical specimen of Configuration 1 at location B. 
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 a) b) 
Figure 6-28 a) Fibre-dominated lower matching and b) matrix-dominated upper matching 
surface at the insert boundary of a typical specimen of Configuration 3 at location A. 
 
 a) b) 
Figure 6-29 a) Fibre-dominated lower matching and b) matrix-dominated upper matching 
surface at the insert boundary of a typical specimen of Configuration 3 at location B. 
6.3 Tests on model materials 
As shown in Section 6.2.2, it was evident that characterising the effect of fibre directionality 
on delamination growth in CFRP coupons was not possible due to the presence of migration. 
A new strategy was, therefore, needed to measure this effect while suppressing delamination 
migration. In this Section, only the geometrical effect of the fibres is studied and for this 
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purpose the fibres and the matrix of the composite specimen have been replaced by an 
isotropic substrate that will prevent migration. An isotropic specimen with two arms 
adhesively bonded was used for the tests. Such analogy has been successfully used in 
previous work [104,161] to explain crack tip stress distribution in mode II composite 
delamination. At the delaminating interface of this specimen the texture of an idealised 
hexagonally packed composite interface was reproduced. The process to obtain the proposed 
geometries is summarised in Figure 6-30. The geometry of the fibre-dominated side of a 
delamination (the directing ply) was taken as the starting point, Figure 6-30 a). The matrix 
below the directing fibres was replaced by an isotropic substrate to prevent migration, Figure 
6-30 b). This geometry, Figure 6-30 b), proved to be difficult to machine with the CNC tools 
available; therefore, following extensive development, the final geometry adopted was 
slightly different, Figure 6-30 (c). 
The aim of these specimens was to prove the: 
− Dependence of the crack path on the surface features of the directing interface. 
− Independence of the crack path on the surface features of the non-directing interface. 
− Correlation between the crack path and the critical strain energy release rate of the 
delaminating interface. 
Also, the test would generate the failure surfaces necessary to fractographically glean the 
micromechanisms, but also at a macroscopic (i.e. visual) scale, associated with the 
variation of critical strain energy release rate of the delaminating interface. 
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Figure 6-30 Schematical cross-sections of a) the fibre-dominated side of a delaminated 
composite interface, b) the same interface considering an isotropic substrate and c) proposed 
geometries. 
6.3.1 Experimental details 
To approach these objectives, two independent experimental studies were used: a textured 
PMMA and a machined steel substrate. A considerable number of configurations and 
methods were attempted, with no success before reaching the correct geometry to produce 
the adequate failed surfaces, material and test method, as summarised next. 
6.3.1.1 PMMA grooves 
Initially a PMMA sheet was used to replicate the third geometry from Figure 6-30c. The 
geometry was obtained by pressing regularly arranged 1 mm diameter steel rods against a 
4 mm PMMA sheet. The assembly was placed in a hot plate press and brought above the 
~1 mm
Ø5.2µm
a)
b)
c)
Resin Fibre/steel
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glass transition temperature of the PMMA and held under pressure to conform the material. 
This process added residual thermal stresses that could not be removed; different rates of 
cooling, quenching and annealing were all tried without success. 
It was then decided to use an off-the-shelf textured PMMA sheet (Plexiglas Textured 0A00R 
[162]). This material was chosen for its availability, low cost and had the advantage of being 
transparent. A wide range of adhesives was considered for the bond: Araldite 2010-1, 2011, 
2015 and Scotch Weld 9323-2 were tested to identify an appropriate adhesive which featured 
low strength and a reasonable toughness to produce cusps. In fact, the latter proved to be the 
main problem with this configuration, as all the adhesives tested in this study produced 
unstable and purely adhesive failure. Furthermore, the adhesives did not present any 
discernible features for fractographic observation (Figure 6-31). 
Attempts were made to increase the adhesion between the adhesive and the PMMA substrate 
to promote cohesive failure [163], as a mixed cohesive/adhesive failure is more 
representative of the intralaminar failure obtained in composites. 
An oxygen plasma treatment was chosen to increase the surface energy (and thus adhesion) 
of the adherend introducing new polar functional groups. Tests were conducted with different 
times of exposure (12, 24, 48, 60 and 90 seconds) to the treatment. While the treatment 
(between 12 and 24 seconds of exposure) had the advantage of increasing the stability of the 
test allowing critical SERR measurements, the fracture was purely adhesive and the failed 
surfaces of the adhesive were still not showing discernible features (Figure 6-31). A longer 
treatment time increased the adhesion between the adhesive/adherend but promoted flexural 
failure of the arms when testing [163]. 
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 a) b)  
Figure 6-31 a) Micrograph from the adhesive surface in the PMMA specimens at insert tip 
and b) detail of fracture morphology. 
ELS, FRMM [164] and Arcan [165] with a pure mode II loading were used to test the 
specimens. The Arcan proved to be a good test for this material as the absolute values of 
toughness were not needed and therefore the Arcan correcting factor [165] calculations could 
be omitted. It was found that the fracture toughness of a 45°/-45° is 44% higher than the 
fracture toughness of 0°/0° interface [163]. However, it has been shown in literature 
[115,166] that the crack shielding is increased as the number of grooves increases, suggesting 
that the actual ratios between the transverse fracture toughness and the axial fracture 
toughness for a composite with a significant amount of fibres is higher than the ratios 
measured in the Arcan test.  
The geometry of the grooved surface of the textured PMMA sheet is presented in Figure 
6-32. Five specimens from three configurations (Figure 6-33) replicating the ones used for 
the CFRP specimens were tested in an ELS test rig. The first configuration was obtained by 
gluing the flat surfaces of the sheet exposing the ribs on the outside. The aim of this 
configuration was to prove that the elastic properties of the grooved arms did not have an 
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influence over the delamination crack front. The second and third configuration replicated 
Configurations 2 and 3 from Section 6.2 matching the angled ply interface of the CFRP 
specimens, +45˚/-45˚ and -45˚/+45˚. 
 
Figure 6-32. Rib geometry of PMMA sheet cross-section. Dimensions in mm. 
 
 
 a)  b)  c) 
Figure 6-33 Tapered width ELS test configurations a) 1, flat interface b) 2, +45˚/-45˚ and c) 
3, -45˚/+45˚. Dimensions given in Figure 6-2. 
The Arcan tests performed used 24 mm long and 13 mm wide specimens. The specimens 
were glued into the Arcan mounting blocks responsible for the load introduction. The 
stacking sequences tested were 0°/0°, 15°/-15°, 30°/-30° and 45°/-45° and tested in pure 
mode II. Araldite 2010-1 was used as the adhesive for the two arms and Araldite 2011 for the 
mounting. The Arcan test fixture was mounted into a Universal Instron 1T testing machine 
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with a 10kN load cell. Load and displacement were monitored during the tests with a cross 
head speed of 0.05 mm/min. The results of the test are summarised in Table 6-3:  
Table 6-3 Measured stress intensity factors from Arcan tests. 
Plexiglas 0A00R+Araldite2010-1 Property Value 
0°/0° KIIC/KIIC45 0.34 
15°/-15° KIIC/KIIC45 0.45 
30°/-30° KIIC/KIIC45 0.52 
45°/-45° KIIC/KIIC45 1 
6.3.1.2 Steel grooves 
As explained previously a second experimental configuration was needed to produce 
adequate failure surfaces. In the second configuration used for these tests, a stiffer and 
stronger substrate (steel) was used to increase the stress levels to which the adhesive was 
subjected while ensuring structural integrity of the adherends during the test. These tests 
produced a cohesive failure that could be investigated fractographically.  
The specimens for this tests were made of a mild steel, EN1A, and were CNC machined to 
the geometry proposed previously (Figure 6-30c) taking into account the limitations of the 
machining tools to produce small features. The final adopted geometry is shown in Figure 
6-35. The grooves were machined at three different angles 90˚, 0˚ and +45˚ with respect to 
the beam direction.  
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Figure 6-34 Fixed-ratio mixed-mode configuration. 
The bond thickness was designed to best match the stress field at the interply resin rich layer 
of a composite. The principal stresses at the bond thickness and around the fibres/steel 
grooves were both compared to ensure they were subjected to an equivalent stress 
distribution. More details of the design process can be found in Section 6.3.1.3. The final 
thickness adopted was 3 mm and the specimen width was chosen to be 20 mm (Figure 6-35). 
Specimens in this Section were tested with the fixed-ratio mixed-mode (FRMM) (Figure 
6-34) to produce a mixed-mode ratio GII/GI = 4/3 [164].  
This ratio was sufficient to drive the delamination to grow next to one interface [105]. An 
insert with a proportion a/L=0.41 mm was recommended to guarantee crack growth stability 
[149]. Including the loading blocks and clamping region the insert was calculated to be 
45 mm. An Upilex film insert 25 µm thick was used instead of the thinner Teflon to 
minimize wrinkling. The specimen arms were sandblasted before bonding with Araldite 
2011, with a mixing ratio resin/hardener of 100:85 per weight, and cured at room 
temperature under clamping pressure with Teflon shims to control the bond thickness (Figure 
6-35). Three different arrangements were tested Configuration 1 Interface 90˚/0˚, 
σR
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Configuration 2 Interface +45˚/ 45˚, Configuration 3 Interface 0˚/90˚. Two specimens per 
each configuration were tested. 
 a)  
 b)  
 c)   
Figure 6-35 a) Rib geometry of steel cross-section, b) FRMM specimen geometry, depth 
equal to 20 mm and c) 3D view of Configuration 2. Units in mm. 
 
6.3.1.3 Validation of the model material approach 
To design the geometry that best reproduced the delaminating interface of a composite the 
specimen was designed to have an equivalent stress distribution at the resin-rich region 
mid-plane and at the matrix/fibre interface and an equivalent process zone at the 
resin/adhesive mid-plane layer. 
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Stress field at the resin/adhesive 
A linear elastic plane strain finite element model was created to verify the validity of the 
approach. The model compared the stress field at the resin and the adhesive. A 2D geometry 
was created with shell elements (S4R [158]) Two areas were studied, the resin/adhesive 
mid-plane and the boundary between the fibres/resin and steel/adhesive (Figure 6-36). The 
model, with the same dimensions as the experimental setup, was subjected to mixed-mode 
delamination conditions as summarised in Figure 6-34. 
The model material model was a 100 mm long beam with a span of 75 mm and a starter 
crack of 45 mm (Figure 6-36a). The arm thickness was 4.5 mm as detailed in Figure 6-35a. A 
representative 90° groove was included in the shape of the arm (Figure 6-36b). The model 
part was partinioned in three regions to create the three areas corresponding to the two 
adherents with Aluminium properties (Appendix D) and the Araldite 2011 adhesive in the 
middle with different properties (Appendix D). The boundary conditions were introduced as 
constrained displacements in the vertical direction on the nodes in the clamped region 
(25 mm) and a prescribed displacement at the tip node of the specimen Figure 6-36a. 
The composite model was a 100 mm long beam with a span of 75 mm and a starter crack of 
45 mm Figure 6-36a. The arm thickness was 2 mm. At the crack tip a refined area with 20 
fibres on the length direction and 10 fibres on the width direction was embedded into a larger 
area with composite homogenised properties. A detail of this area is shown in Figure 6-36b. 
This ensured that no end effects were observed on the results and that an adequate mesh 
refinement could be achieved in the heterogeneous region. The model was subjected to the 
same boundary conditions as the model material model.  
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Figure 6-36 a) Boundary conditions and geometry with b) detail of the refined region at the 
crack tip for the composite mesh and a) model material mesh. 
The dimensions used for the composite model, i.e. the fibre diameter and thickness of the 
intralaminar resin-rich layer, were obtained from a cross-section from CFRP panels used in 
Section 6.2. The fibres were arranged in an idealised hexagonal packing. A parametric study 
was performed for the determination of the bond thickness of the model material specimen. 
The thicknesses considered were 0.5, 1, 2, 3 and 4.6 mm. 
Figure 6-37 shows the magnitude of the principal stresses at the matrix. For clarity, only the 
composite and two thicknesses (1 and 3 mm) are shown. The presence of the grooves 
generated an oscillation in the stress field ahead of the crack tip which was not observed in 
the composite section. Increasing the adhesive bond thickness reduced the effect of the 
grooves at the mid-plane and smoothed the stress field. At the adhesive/steel interface the 
effect of the adhesive thickness was, as expected, not significant (Figure 6-38). 
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Figure 6-37 Maximum principal stress at the mid-plane of the bondline. 
The stress distribution of the two geometries has an opposing pattern: in the model material 
specimen the maximum stress was at the peak of the groove, while for the composite the 
maximum stress was found the valley of the groove. The oscillatory pattern remained similar 
enough to assume the behaviour at the resin was comparable. 
 
Figure 6-38 Maximum principal stress at the matrix/fibre and the adhesive/steel interface for 
ten fibres/grooves. 
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Process zone 
The process zone of the model material specimen was back-calculated after the tests had 
been done. The reason for this is that mode II fracture toughness is highly dependent on bond 
thickness for ductile adhesives [167]. Ductile adhesives can show fracture toughness values 
up to five times higher for a 1 mm bond compared to that for a 0.2 mm bond. Furthermore, a 
bond thickness of 3 mm as used in these experiments is very rare for normal usage of this 
adhesive and therefore the material data available in literature was not relevant for this case. 
The method used to calculate the length of the cohesive zone for mode II is based in the 
expression for mode II in a slender body [168,169]: 
 lcII=
GIICEh
τ0
 (6-13) 
 
Where GIIC is the material fracture toughness, E is the Young’s modulus, h is the specimen 
half thickness and τ0 is the shear strength. The specimen half thickness, h, was taken to be 
6 mm for the model material configuration and 2 mm for the composite. This was due to the 
fact that the steel substrate totally constrained the formation of the process zone, contrarily to 
the fibres which allow for the process zone to develop through [170]. The GIIC value for the 
8552 resin were estimated from the GIC [171] assuming a GIIC/GIC ratio of 2 as found in other 
toughened epoxy resin systems. With these values it was found that the process zone 
contained 4.6×103 fibres for the composite against 78.5 grooves for the model material. This 
means that the process zone was in proportion larger in the model material specimen. 
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6.3.2 Experimental results 
6.3.2.1 Width tapered ELS PMMA specimens 
To compare with the fracture surfaces of the CFRP specimens the same test was reproduced 
in three different configurations using the grooved PMMA. The results presented here are 
purely qualitative because the failure was unstable. Figure 6-39 shows a representative 
specimen for each configuration. The photographs shown in Figure 6-39 were taken from the 
back face to give a clearer picture without the loading blocks, hence the mirrored angles. To 
take the photograph of Configuration 1 one of the outer faces had to be ground to avoid the 
Moiré effect on the crack front which produced a hashed crack front. This procedure 
introduced post-failure damage in some of the specimens, but not enough to prevent 
interpretation.  
   
 a)  b)  c) 
Figure 6-39 Photograph of specimen a) Configuration 1 (plain interface) b) Configuration 2 
(−45˚/45˚) and Configuration 3 (+45˚/-45˚). 
The first configuration had a symmetric crack front while Configuration 2 and 3 the crack 
front was asymmetric and was directed towards one of the groove angles at the arm interface. 
clamp 
insert 
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Although the failure was purely adhesive the choice of the directing ply corresponded to the 
direction of the shear as observed in composites. In all the specimens of Configuration 2 and 
3 the directing arm was the one subjected to compression on the free surface.  
6.3.2.2 CNC machined FRMM specimens 
Next, considering the steel specimens with grooves, the delamination propagated cohesively 
in specimens 90˚/0˚ and +45˚/-45˚ and adhesively in specimen 0˚/90˚. The test was stable for 
the adhesive failure and unstable for the cohesive case. It was therefore possible to measure 
the fracture toughness only at delamination onset. However, these tests proved to be difficult 
to reproduce, generally producing adhesive failure instead of the desired adhesive/cohesive 
mix. Only the specimens that gave satisfactory results are presented here. 
Fractographic results 
The two specimens that had failed cohesively (90˚/0˚ and +45˚/-45˚) exhibited cusps [4] at 
different angles as shown in Figure 6-40. The delamination propagated predominantly at the 
interface adjacent to the upper arm as predicted from the shear direction. It should be noted 
that obtaining interfaces with a directing ply of 90˚ and 45˚ is very unusual in composite 
materials. If the delamination is forced to grow at these ply interfaces, migration will 
generally occur. Micrographs of the edges and the cusps were taken with a stereo 
microscope. However, the observations at the specimen edge have to be considered with 
caution. The fracture processes have a full 3D development; if a single cross-section is 
studied it could lead into simplistic conclusions. This is also true for composite materials. 
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After inspecting the edges, the two arms were separated under mode I loading. The three 
areas of the specimen are clearly distinguishable in Figure 6-40. The exposed failed surfaces 
were examined with optical and electron microscopy. 
 
Figure 6-40 Fracture surface of (a) 90˚/0˚ specimen (b) +45˚/-45˚ specimen and (c) 0˚/90˚ 
specimen. The upper image for each specimen corresponds to the upper arm which is the 
directing ply.  
Interface 90˚/0˚  
The delamination process was unstable and the sequence of the events could only be 
established by post-mortem analysis. During the test, microcracks had started developing in 
the adhesive layer ahead of the crack tip. These microcracks were then united by a main 
crack which allowed the full propagation of the delamination. The sequence was determined 
Mode IMixed-modePre-crack
a)
b)
c)
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by the fact that the microcrack, denoted as A-A’ (Figure 6-41a), had an uninterrupted path. 
Contrarily, microcracks B-B’ and C-C’ were interrupted at the junction with A-A’. This 
suggested that A-A’ occurred before B-B’. 
 
 a) b) 
Figure 6-41 a) Micrograph from the 90˚/0˚ specimen edge. The microcrack is denoted as 
A-A’ and the main linking cracks as B-B’ and C-C’. b) Scanning electron micrograph of the 
upper matching surface of 90˚/0˚ specimen. 
 
 a) b) 
Figure 6-42 Schematic drawing of the a) 90˚/0˚ specimen as shown in Figure 6-41a and b) 
exposed uppermost matching surface as shown in Figure 6-41b. 
A
A’
C
C’
A
A’
C
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The fracture surface was covered with large cusps that, after starting at both free edges, 
propagated transversally until two thirds of the width. This created a very intricate cusp 
pattern as can be seen in Figure 6-40a). Close examination under the SEM revealed the 
presence of ribs adjacent to the grooves (Figure 6-41b, Figure 6-42). Ribs have been 
observed in composites with a thick interlaminar resin-rich layer (Figure 6-43) [4] and their 
origin is thought to be the coalescence of the angled microcracks (A-A’ in Figure 6-41a) with 
the main crack (C-C’ in Figure 6-41a). Two areas can be distinguished; a smooth side at the 
right and a rough side at the left of Figure 6-41b. The smooth part of the rib was created 
during the microcracking process and the rough side with riverlines during the crack 
coalescence. The riverlines were used to determine the crack growth direction [4] and 
suggested that the microcracks could have initiated at the steel groove peak. This is similar to 
the formation of cusps seen by Heutling et al [94]. 
 
 
a) b) 
Figure 6-43 a) Example of a rib in a peel fracture and b) formation process [99]. 
Delamination directionality 
149 
Interface 0˚/90˚ 
This configuration was the only one that exhibited pure adhesive failure. Similarly to 
previous specimens, the delamination initiated at the insert tip and propagated next to the 
upper arm. No other microcracks in the adhesive were observed other than the first one 
(Figure 6-44). It can be seen in Figure 6-40c) that the crack returned to the mid plane when 
the mode I loading became dominant (during the exposure of the surfaces for inspection). 
This indicated that a good bond had been achieved. Therefore, the difference with specimens 
90˚/0˚ and +45˚/-45˚ was not due to a poor bond but to different failure mechanisms 
associated with the direction of the grooves.  
 
Figure 6-44 Micrograph from the 0˚/90˚ specimen edge. 
Interface +45˚/-45˚ 
Similarly to interface 90˚/0˚, angled microcracks developed at the adhesive layer (Figure 
6-45a). This time the main crack (B-B’) had a continuous path and the microcrack (A-A’) 
was stopped when meeting B-B’ which suggested that microcrack A-A’ occurred after the 
main crack B-B’ originated.  
A’
A
2mm
Global growth
Delamination directionality 
150 
The fracture surface was covered with cusps transverse to the groove direction. Similarly to 
composites, one arm contained a majority of cusps while the other had scallops [4]. These 
cusps were large enough to be seen by the naked eye. Macroscopic ribs were also found in 
the early stages of delamination growth. The ribs were at +45˚ with respect to the length. 
This suggested that the microcracks also developed at this angle following the direction of 
the grooves of the lower arm.  
Detailed SEM analysis (Figure 6-45b and Figure 6-46) revealed the presence of secondary 
cusps parallel to the groove direction. The local crack growth was inferred from the direction 
of the riverlines. The parallel cusps initiated at the peaks of two adjacent grooves and 
propagated towards the inside. However, the two cracks did not meet at the middle.  
It is not common to observe this kind of cusps when testing composite coupons under 
controlled mixed-mode conditions. It is usual, though, to find them in failure analysis of 
structures [4] where a mix of bending, torsion, and tension/compression loads are present. 
However, similar cusp formation, deduced from the riverlines and the textured microflow, 
has been observed in Section 6.2. An example of these cusps is shown in Figure 6-28a. 
 
 a) b) 
Figure 6-45 a) Micrograph from the +45˚/-45˚ specimen edge, b) scanning electron 
micrograph of the upper matching surface of the +45˚/-45˚ specimen. 
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 a) b) 
Figure 6-46 Schematic drawing of the a) 45˚/-45˚ specimen as shown in Figure 6-45a and b) 
exposed uppermost matching surface as shown in Figure 6-45b. 
6.3.3 Summary of the model materials tests 
The geometric effect of the fibres at the delaminating interface was studied by means of a 
model material configuration replicating angled-ply interfaces. The two configurations that 
presented cusps, 90˚/0˚ and 45˚/-45˚, developed macroscopic cracks that resembled the 
microcracks found in composite materials. For the 45˚/-45˚ configuration the macrocracks 
followed the groove direction and developed at 45˚ in respect to the delamination front. For 
the 90˚/0˚specimen the macrocracks did not tunnel through the whole width but started at 
two thirds of the width. Configuration 0˚/90˚ did not produce cusps in the CNC specimen.
A
A’
B
B’
A
A’
B B’
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 Delamination migration Chapter 7.
7.1 Introduction 
In Chapter 6 the delamination growth directionality has been studied. The geometry chosen 
(width tapered ELS) produced relatively complicated failure surfaces. The difficulty to 
isolate the directional process was clear from the presence of migration in all the specimens 
studied. The shear mode mixity conditions favourable for migration were identified with a 
re-definition of the coordinate system at which strain energy release rate was calculated. 
However, it has been shown in literature [105] migration in isotropic media is also controlled 
by the proportion of shear and opening mode, i.e. crack kinking occurs when, 
 ψ∞=atan GII
GI
 ≥15˚ (7-1) 
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A similar behaviour is expected in composite materials. Migration is also found in 
composites in pure mode I [124], this is thought to be caused by the intralaminar GIC being 
lower than the interlaminar GIC [125]. When the delamination migrates once, the arms lose 
their symmetry inducing a mode II component that drives the delamination to migrate in the 
reverse direction. It was also highlighted from the literature [135] the importance of 
accurately characterising the critical energy release rates of the interface to predict the kink 
of an interfacial crack: 
 Γsω)<  Γiψ)Gkinkω,ψ)Gi  (7-2) 
Γs,i being the fracture toughness of the substrate and the interface respectively. With ω being 
the kink angle and ψ the mixed-mode phase angle. Previous attempts to fully characterise 
fracture toughness in angled ply interfaces in composites often resulted into delamination 
migration [18], which invalidated the results of the measurements.  
7.2 Aim 
The aim of this Section was to identify the opening/shear mixed-mode ratio that produced 
migration in composites. An experimental approach was coupled with an FE analysis to 
perform the SERRs calculations.  
7.3 Experimental details 
A single cantilever beam fixture (Figure 7-1) designed by Ratcliffe et al [134] was used to 
create an array of mode mixities ranging from a dominated mode I to a dominated mode II as 
the crack grew. This test had the advantage that the sign of the shear switched in the middle 
of the test. In this way, the directing ply at the interface also changed and migration was 
controlled. 
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Figure 7-1 Single cantilever beam (SCB) specimen geometry, showing testing fixture and 
parameter k that represents the distance where migration occurs. Red crack indicates post-test 
crack growth. Units in mm. 
An initial stacking sequence was chosen as it had been previously used satisfactorily by 
Ratcliffe et al using the same material IM7/8552 that was used for this study [134] and was 
modified to obtain the six configurations. Four specimens were tested for each configuration. 
The stacking sequences were designed to minimise any differences in bending stiffness 
between the specimens. 
Table 7-1 Stacking sequences with elastic paramaters. 
 Stacking sequence Dc [152] Bt [154] 
Configuration 1 
Interface 0˚/0˚ 
[(903/03/(90/0)s/02/903/0// 
0/903/02/(90/0)s/03/903] 
0.027 0.0374 
Configuration 2 
Interface -7.5˚/-7.5˚ 
[(903/03/(90/0)s/02/902/7.5/-7.5// 
-7.5/7.5/902/02/(90/0)s/03/903] 
0.0011 -1.24×10-5 
Configuration 3 
Interface -10˚/-10˚ 
[(903/03/(90/0)s/02/902/10/-10// 
-10/10/902/02/(90/0)s/03/903] 
0.0011 -0.0005 
Configuration 4 
Interface 0˚/90˚ 
[(903/03/(90/0)s/02/903/0// 
(903/03/90/0)s] 
0.0011 0.0589 
Configuration 5 
Interface 90˚/0˚ 
[(903/03/90/0)s//0/903/02/(90/0)s/03/903] 0.0011 0.0589 
Configuration 6 
Interface 90˚/90˚ 
[(903/03/90/0)s]s 0.0011 0 
113
55
Insert=50 k Steel fixture
Load block1
5
2
0
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7.4 Experimental results 
Multiplane delamination was evident from the C-Scans (Figure 7-2). The delamination 
growth was slip-stick with significant instability associated with points at which migration 
was observed. Also, the delamination became unstable when propagating underneath the load 
block (Figure 7-3). The delamination growth patterns were consistently distinct across the 
specimens from which it was inferred that different failure mechanisms were associated with 
the stacking sequences. 
 
Figure 7-2 C-scans for a) Configuration 1 Interface 0˚/0˚ b) Configuration 2 Interface 7.5˚/ 
7.5˚ c) Configuration 3 Interface 10˚/ 10˚, d) Configuration 4 Interface 0˚/90˚, e) 
Configuration 5 Interface 90˚/0˚ and f) Configuration 6 Interface 90˚/90˚. 
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Figure 7-3 Load displacement curves for the six configurations. 
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Table 7-2 Migration distance, parameter k (Figure 7-1). 
 Parameter k (mm) 
 
Visual inspection  C-scan 
Conf. 1 0˚/0˚ N/A N/A 
Conf. 2 -7.5˚/-7.5˚ N/A 16.4±1.4 
Conf. 3 -10˚/-10˚ N/A 21±2.9 
Conf. 4 0˚/90˚ 22.3±0.8 13.5±2.1 
Conf. 5 90˚/0˚ 24.8±4.3 22.2±7.2 
Conf.6 90˚/90˚ 30.0±5.4 26.8±5.9 
7.4.1 Failure analysis 
7.4.1.1 Configuration 1 (0˚/0˚) 
The delamination propagation in this configuration was unstable until reaching the end of the 
loading block when it became stable. As expected, the delamination was confined between a 
0°/0° interface and did not present migration (Figure 7-4). After the reverse of the shear sign 
the morphology of the delamination was predicted to change. The side of the delamination 
that was fibre dominated was anticipated to become imprint rich and vice versa. Although the 
reversing point was appreciable to the naked eye by a slight change of the reflectivity of the 
surfaces, it was not evident when inspecting the surface microscopically. This was due to the 
fact that when this change occurred the delamination was driven by pure mode I loading. 
Therefore, there was not a clear fibre or imprint dominated side as mode I delamination tends 
to propagate cohesively. Also, mode I has a deep process zone which tends to promote fibre 
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bridging as it could be observed at the edges. The change within the resin-rich layer was, 
therefore, progressive. 
  
Figure 7-4 Mode I dominated delaminated surface of ply interface 16th/17th (0°/0°) in a 
typical specimen of Configuration 1. 
7.4.1.2 Configuration 2 (7.5˚/7.5˚) and Configuration 3 (10˚/10˚) 
The behaviour of these two configurations was very similar and will be analysed together. 
Similarly to Configuration 1 the delamination propagated unstably until past the load block. 
The C-scans revealed migration starting at the free edge and propagating following the ply 
split. However, closer examination revealed a herringbone pattern (Figure 7-5) which 
suggested that the crack had been oscillating at the ply resin rich region. A similar behaviour 
has been reported in literature [4] in a +45°/-45° ply interface tested in mode I. Also these 
specimens exhibited fibre bridging when the delamination grew at ply interface 16th/17th 
(7.5˚/7.5˚). 
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Figure 7-5 Detail of the criss-cross pattern at the delaminated surface of a typical specimen 
of Configuration 2 (7.5˚/7.5˚). 
7.4.1.3 Configuration 4 (0°/90°), Configuration 5 (90˚/0˚) and Configuration 6 
(90˚/90˚) 
These three Configurations exhibited a clear migration step visible at the free edge. The 
different paths of the migration after the delamination onset are schematically plotted in 
Figure 7-6. However, after inspection of the respective C-scans it was clear that migration 
had not occurred through a single ply split and the migration onset distance, k in Figure 7-1, 
had a variation of as much as 12 mm across the width of the specimen. This variation was 
observable in specimens whose crack front was uniform across the width, which dismissed 
the possibility of misalignment during the load introduction. However, a certain degree of 
transverse shear was observed before migration (Figure 7-7). Because migration initiated at 
different points, several fibres failed when the two cracks met (Figure 7-7). Same facing 
scarps [4] and shallow cusps were observed at the migration step, indicating a predominant 
Growth direction
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mode I with a small degree of shear (Figure 7-8). Before migration, the delamination 
underwent a series of oscillations similar to the ones observed in DCB specimens [123] 
(Figure 7-9). These migrations were very shallow, barely propagating into the adjacent 90˚ 
ply (16th
 
ply), therefore, it was difficult to establish the intralaminar conditions which led to 
migration. 
 
Figure 7-6 Delamination path for a) Configuration 4 (0°/90°), b) Configuration 5 (90˚/0˚) and 
c) Configuration 6 (90˚/90˚). Insert crack is shown in light grey at the laminate mid-plane. 
a)
b)
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Figure 7-7 Micrograph of the migration step, upper most matching surface of a typical 
specimen of Configuration 4. 
 
Figure 7-8 Micrograph of the migration step, lowermost matching surface of a typical 
specimen of Configuration 4. 
Growth direction
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Figure 7-9 Mode I migration detail in two specimens from Configuration 4 (0°/90°). 
7.5 Numerical analysis details 
Two independent analyses were performed to compute the strain energy release rates. In the 
first model, the delamination propagated at the mid-plane (ply interface 16th/17th) and in the 
second the delamination was at ply interface 19th/20th simulating a downwards migration of 3 
plies as observed in Configurations 4 and 6. The SERR was calculated using VCCT at the 
delamination tip which was moved by manually releasing the nodes at each increment. The 
SERR was only calculated for those configurations that did not show significant 
bending/twisting coupling and a 2D model could be used. The validity of a 2D model was 
verified with the calculation of the SERR distributions at the crack front for a 3D model. 
7.5.1 Model details 
Configuration 4 and 5 were modelled in a 2D geometry with generalised plane strain 
elements with reduced integration (CPS4R [158]). Each arm had four elements for 
Configuration 5. Configuration 4 had five elements in the uppermost arm and three in the 
lowermost arm. The areas where the SERRs were calculated were refined and four nodes 
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were released every growth increment. The boundary conditions are schematised in Figure 
7-10. 
 
Figure 7-10 Mesh and boundary conditions for the SCB specimen, example for 
Configuration 5. 
A second model for Configuration 5 was used to study the uniformity of the SERR along the 
crack front (Figure 7-11). This 3D model had the same mesh in the beam direction than 
Figure 7-10 reproduced in the depth direction. In the thickness direction homogenised 
composite properties were used with four elements (C3D8R [158]) per arm. The boundary 
conditions were reproduced through the thickness. 
 
Figure 7-11 Energy release rates computed at the crack front of a 3D model of Configuration 
5. 
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7.6 Numerical analysis results 
The pattern of the SERR was quite complex at the beginning of the test. The GII/GI values 
oscillated when the delamination grew underneath the block (Figure 7-12), this part of the 
test had also an unstable behaviour as seen during the test. After a growth of approximately 
28 mm, the sign of the shear was reversed (represented by full marks in Figure 7-12). This 
change allowed the migration to happen. After migration, the two curves had a similar 
behaviour (Figure 7-12), which did not explain for the different migration distance (k) 
observed in Configurations 4 to 6. Further investigation is needed to understand the 
behaviour of these three configurations. 
 
Figure 7-12 Phase angle of the mode mixity for Configuration 5 (delamination at mid-plane) 
and Configuration 4 (delamination at ply interface 19th/20th). Filled markers represent a 
change of shear sign. 
From the numerical results it was also possible to study the stability of the configuration. The 
crack will grow unstably when 
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with Gm the mixed-mode growth criterion
Gm= GIIGIIC +
GI
GIC
 and a the crack length. It can be 
seen in Figure 7-13 that at the distance at which migration was observed (distance≈30 mm) 
the test was unstable. 
 
Figure 7-13 Mixed-mode growth criterion for energy release rate for stability study. 
7.7 Summary 
Delamination migration was isolated by means of a single cantilever beam (SCB). 
Delamination growth in the specimens was mainly unstable. The behaviour of the specimens 
was not entirely predicted by the SERRs calculations; the instability of the growth having a 
greater role. Also, specimens from Configurations 2 and 3 were expected to have a different 
behaviour as it had been shown previously that an angle of 7.5˚ [121] was thought to be the 
maximum angle that would inhibit migration; however this was not verified in this case. 
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 Delamination migration and Chapter 8.
directionality in embedded delamination 
panels 
Following the fractographic study on the FFA specimens (Chapter 5) and the knowledge 
gained from Chapter 6 and 7 about delamination directionality and migration, a set of 
experiments was designed to isolate membrane compression from global buckling, since the 
latter was less stable. This was anticipated to give a deeper insight into delamination growth 
processes in a more complex geometry. Similar stacking sequences to those of the FFA 
specimens were used to draw parallels between these two sets of experiments. However, the 
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material used was different (IM7/8552). The configuration for the experimental setup was 
chosen to meet the following requirements: 
a. Negligible bending up to an applied strain of -8000 µε; 
b. Large gauge area to allow extensive delamination growth; 
c. Delaminated surface had to be accessible to be characterised using optical methods; 
d. Similar stacking sequence to the FFA specimens (Chapter 5). 
8.1 Experimental details 
Anti-buckling guides had been used in the past [172] to prevent global buckling, such as the 
compression after impact Boeing fixture [173]. However, such guides obscure the specimen 
surface and the dimensions of such specimens would not be enough to permit significant 
delamination growth. A sandwich panel configuration has been reported to produce a 
uniform membrane loading on the laminate [8]. Furthermore, a configuration which 
eliminates global buckling will help partition the damage processes caused by global bending 
from those caused by pure membrane compression. 
Table 8-1 Panels stacking sequence with directing ply direction indicated. 
 Stacking sequence Defect ply interface 
Panel S1 [90˚/0˚/45˚/-45˚]2s  45˚/-45˚ 
Panel S2 [90˚/0˚/45˚/-45˚]2s 45˚/-45˚ 
Panel S3 [90˚/0˚/45˚/-45˚]2s 45˚/-45˚ 
Panel S4 [-75˚/15˚/60˚/-30˚]2s  60˚/-30˚ 
Panel S5 [-60˚/30˚/75˚/-15˚]2s 75˚/-15˚ 
Panel S6 [-45˚/45˚/90˚/0˚]2s 90˚/0˚ 
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Twelve 300 mm x 400 mm CFRP panels with lay ups: [90˚/0˚/-45˚/45˚]2s and 
[-45˚/45˚/90˚/0˚]2s were manufactured. A 10 µm thick 50 mm circular PFTE insert was cut 
with a compass cutter and laid up between the 3rd and 4th ply. The laminates were trimmed 
into panels 200 mm x 290 mm. in size. [90˚/0˚/-45˚/45˚]2s and [-45˚/45˚/90˚/0˚]2s laminates 
were cut at 15˚ and 30˚ to obtain [-75˚/15˚/60˚/-30˚]2s and [-60˚/30˚/75˚/-15˚]2s skins 
respectively.  
.  
Figure 8-1 Acoustic emission and strain gauge location, on the embedded delamination 
panels in mm.` 
A 1 mm hole was drilled at the centre of the delamination to equalise the pressure inside the 
blister with the atmospheric pressure. The panels were instrumented with FLA-10-11 strain 
gauges and acoustic sensors at the positions indicated in Figure 8-1. The panels were 
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predicted to have Euler buckling and face wrinkling strains of -19233 µε and -9132 µε 
(details of the calculations are given in Appendix B). 
The panels were tested in compression at a stroke of 0.3 mm/min using a 2500 kN servo 
hydraulic test machine. The displacement of the crosshead was obtained from an LVDT 
fixed on the frame. The load on each individual load cell, the LVDT output and strains from 
the strain gauges were separately recorded using a data logger. The LVDT output was used 
to synchronise DIC and AE readings. The delamination growth was monitored with digital 
image correlation (DIC) and damage recorded by means of acoustic sensors.  
The panels were initially loaded to an applied strain of -1500 με and the uniformity of the 
load was checked. If all the readings were within a 10% of the average the test was 
continued. For panels S1, S3, S4 and S6 (Table 8-1) in which the delamination blister was 
not evident before the loading, the test was stopped at –3000 µε or when significant acoustic 
activity had arisen to check the blister formation. 
In the panels exhibiting out-of-plane displacement of the blister appreciable to the naked eye, 
the tests were stopped when the delamination growth exceeded approximately 20 mm in each 
side. Then the DIC out-of-plane displacement was computed for each step to retrospectively 
monitor the growth. 
8.2 Experimental results 
8.2.1 Compression results 
The compression response of all the panels was linear elastic. The readings from the two 
front strain gauges were consistent with less than 10% variation, indicating that uniform 
loading had been achieved. Further comparison between the front and back strain gauges 
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indicated that no significant buckling occurred in any of the six panels. No stiffness loss 
related to damage growth was detected. Panels S2 and S3 experienced unstable delamination 
growth after a short period of stable growth. This instability caused the delamination to grow 
rapidly to reach the free edge. Panels S1 and S4 were stopped at an applied strain of -6600 µε 
and -6400 µε respectively. Panels S5 and S6 were loaded until -7320 µε and -7000 µε when 
global failure occurred. 
The crack growth direction inferred from the compression cracks (Figure 8-2) at the surface 
of panels S5 and S6 suggested that global failure had originated at the edges of the 
delamination front and propagated until reaching the edges. Once the front skin had failed the 
back skin was subjected to higher stresses which caused its failure in compression and led to 
global failure. No skin-core debonding was observed which suggested that the failure was 
primarily caused by the presence of the delamination in the front skin. 
 
Figure 8-2 Front skin of panel S5 (75˚/-15˚). With the position of the starter crack highlited 
in red. 
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8.2.2 Digital image correlation results 
The data for the individual loading cases can be found in Appendix C. The growth data was 
merged to produce a single growth plot per panel. After merging the load stages, the growth 
curves were shifted such that zero growth corresponded to the moment when local buckling 
was first observed and the minima points (Figure 4-1b) could be clearly identified. The 
merged results of the delamination growth are plotted in Figure 8-3. The initiation of the 
growth ranged between -1210 to -5280 µε with a standard deviation of 420 µε for identical 
panels (S1 to S3). In general, there was no clear trend in initiation strain with the ply 
interface angle.  
The analysis captured the similar growth trend of the identical panels S1 to S3. However, the 
method was unable to capture any significant delamination growth for panel S6 even though 
the C−Scan showed 30 mm of growth. Panels S4 and S6 had a high local buckling load 
which could be due to the adhesion between the Teflon insert and the composite, as the 
sudden jump in the out-of-plane displacement indicated. Another problem with the analysis 
was that, as the delamination grew, the major axis of the blister rotated and it was difficult to 
track the major axis required for the extraction of the out-of-plane displacement. As the 
blister had a lower eccentricity at the beginning of the test and was less sensitive to the angle, 
it was decided to define the major axis at the stage that exhibited the maximum rotation 
(Figure 8-4). 
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Figure 8-3 DIC smoothed and rescaled results for all the panels. 
 
Figure 8-4 Blister rotation and delamination growth for a load increase. 
8.2.3 Acoustic emission results 
The initiation value for delamination was obtained from the first sharp rise in the acoustic 
emission counts. If the first peak was at a strain of less than -1000 µε, the first peak after 
buckling was considered. The frequency bands for the matrix dominated failure modes 
(matrix cracking and delamination) were distinguishable between each other but a sequence 
of the events could not be established. The fibre modes, characterised by a higher frequency, 
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were appearing late in the test. Although propagating simultaneously, the system did not 
capture as many hits for the fibre failure as for the matrix mode.  
Table 8-2 Delamination onset values (-µε). 
 45˚/-45˚ 60˚/-30˚ 75˚/-15˚ 90˚/0˚ 
Panel S1 S2 S3 S4 S5 S6 
From AE 3477 2068 2761 3652 2517 5206 
From DIC 1920 1210 3000 4440 2300 5280 
 
8.2.4 Ultrasonic inspection results 
The TOF C−Scans (Appendix C) revealed the presence of multi-plane delamination in panels 
S1-S4. The final stage of panels S5 and S6 could not be scanned due to a high degree of 
superficial damage. Back-wall echo and gate-on-defect amplitude C−Scans (Figure 8-5) were 
also analysed to look for the extent of ply splits. However, ply splits are generally not well 
captured with C−Scans and these were later examined X-radiographically. The ply splits did 
not grow further than the extent of the delamination and, therefore, appeared to have 
propagated simultaneously.  
 
 a)   b)  c)  
Figure 8-5 a) Back Wall Echo Amplitude C−Scan and b) Gate-on-defect amplitude C−Scan 
and c) TOF C−Scan of panel S4. 
25 mm 
0˚ ply  
+45 ply  
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8.2.5 X-radiograph inspection results 
An X-radiograph is shown in Figure 8-6a. It was observed that the ply splits developed either 
side of the insert boundary and after comparing with the corresponding C−Scan (Appendix 
C) it was seen that migration had not occurred immediately at the first ply split encountered. 
The +45˚ splits extended further than the delamination front, however, this observation 
should be taken carefully as the apparent delamination front may not represent the actual 
delamination front due to poor penetration of the penetrant. Several 90˚ ply splits were 
observed running across the insert lateral boundary.  
8.2.6 Fractography results 
8.2.6.1 Panels S1,S2, S3 ply interface +45˚ /-45˚ 
Visual inspection of panels S1-S3 presented a high degree of reproducibility in the fracture 
processes (Figure 8-6 to 10). The panels exhibited growth at three different levels and 
delamination always migrated towards the front surface. The original defect plane, ply 
interface +45˚/-45˚ (3rd/4th ply), was covered by +45˚ ply splits on the uppermost matching 
surface with their witness marks on the lowermost matching surface. Two extensive +45˚ ply 
splits leading to migration were tangential to the insert and extended to the entire failed 
surface.  
Growth continued into the 2nd/3rd ply interface (0˚/+45˚). Fibre failure was a dominant mode 
of failure of the 0˚ ply (2nd ply) and also found on the +45˚ ply (3rd ply). Fibre failure was 
found in four different forms: a) a pure compression failure of the 0˚ ply, b) an in-plane shear 
failure of the 0˚ ply adjacent to the +45˚ ply split, c) an in-plane shear failure of the +45˚ 
following the defect boundary and finally d) an inclined fibre failure of the +45˚ ply and the 
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0˚ ply simultaneously. The measured angle for the former was 15˚ (panels S2, Figure 8-8 and 
S3, Figure 8-10) 
Growth rings [4] were observed matching the crack fronts that had been identified by 
ultrasonic inspection. These growth rings imply a continuous crack front growing at different 
depths; this was more evident on the left side of Figure 8-8.  
A more detailed sequence of the events was obtained from microscopic examination of the 
failed surfaces using electron microscopy. The insert boundary regions presented a variable 
mode mixity, with regions of mode I dominated (Figure 8-12), mixed-mode I/II (Figure 8-13) 
and mixed mode II/III (Figure 8-14). It should be noted that the surfaces examined from the 
uppermost matching surface were mainly fibre dominated, implying these were the dictating 
plies. 
The main ply split is labelled as A-A’, D-D’ and G’-G in Figure 8-7, Figure 8-9 and Figure 
8-11 respectively. The amount of shear component involved in the growth of these ply splits 
seems contradictory, panel S1 had a larger mode I component near the boundary increasing 
in mode II as the ply splits grew away from the boundary contrary to panel S2. The 
conclusions that can be drawn from these observations are, therefore, limited. However, the 
sequencing of the ply splits A-A’, D-D’ and G’-G with respect to the delamination of ply 
interface 3rd/4th was consistent across the three panels. The delamination followed a 
continuous path (Figure 8-15) between the ply interface 3rd/4th and the ply interface 2nd/3rd as 
can be seen with the +45˚ ply split and the matrix linking those two ply interfaces (Figure 
8-16). However, this connectivity was lost in several occasions indicating that adjacent +45˚ 
ply splits were also involved in the migration process. 
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Figure 8-6 a) X-radiograph and b) photograph of the upper fracture surface of panel S1 
(defect at 3rd/4th ply interface +45˚/-45˚). Loading direction parallel to the 0˚ ply. 
 
Figure 8-7 Schematical representation of panel S1 with micrograph locations. 
Interface 3 /4
rd th
-45°/45°
Interface 2  /3
-45°/0°
nd rd
Interface 1 /2
0°/90°
st ndInsert
Interface 3 /4
rd th
0 ply°
A
A’
5
6
7
C
C’
B
B’
+45° ply
0˚ ply  
+45 ply  
Delamination migration and directionality in embedded delamination panels 
178 
 
Figure 8-8 Upper fracture surface of panel S2 (defect at 3rd/4th ply interface +45˚/-45˚). 
Loading direction parallel to the 0˚ ply. 
 
Figure 8-9 Schematical representation of panel S2 with micrograph locations. 
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Figure 8-10 Upper fracture surface of panel S3 (defect at 3rd/4th ply interface +45˚/-45˚). 
Loading direction parallel to the 0˚ ply. 
 
Figure 8-11 Schematical representation of panel S3 with micrograph locations. 
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Figure 8-12 Micrograph of the uppermost matching surface at the insert edge from panel S2 
at location (1).(Figure 8-9). 
 
Figure 8-13 Micrograph of the uppermost matching surface at the insert edge from panel S3 
location (2) (Figure 8-11). 
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Figure 8-14 Micrograph of the uppermost matching surface at the insert edge from panel S3 
at location (3) (Figure 8-11).  
 
Figure 8-15 Micrograph of the uppermost matching surface at -45˚ ply split (B-B’) from 
panel S2 at location (4). (Figure 8-9). 
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After migrating to a 0˚/45˚ ply interface (2nd/3rd), the directing ply was a 0˚ ply which was 
perpendicular to the global growth direction. A rapid second migration followed, close to the 
+45˚ ply split in all three panels. This migration towards the 90˚/0˚ (1st/2nd) occurred after the 
delamination had grown at least 5 mm away from the insert and had three different 
morphologies. When the migration was close to the ply split, it could migrate either 
progressively, with sparse fibre failure, or rapidly, leading to a concentrated fibre failure 
(Figure 8-17). Further away from the ply split the delamination migrated through a single ply 
split (Figure 8-18). 
 
Figure 8-16 Micrograph of the uppermost matching surface at -45˚ ply split (A-A’) from 
panel S2 at location (5)(Figure 8-7). 
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Figure 8-17 Micrograph of the uppermost matching surface at -45˚ ply split (A-A’) from 
panel S2 at location (6)(Figure 8-7).  
 
Figure 8-18 Micrograph of the uppermost matching surface at 0˚ ply split (B-B’) from panel 
S2 at location 7 (Figure 8-7).  
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8.2.6.2 Panel S4 ply interface 60˚ /-30˚ 
 
Figure 8-19 Upper fracture surface of panel S4 (defect at 3rd/4th ply interface −60˚/−30˚). 
Loading direction parallel to the 0˚ ply. 
 
Figure 8-20 Schematical representation of panel S4 with micrograph locations. 
After exposing panel S4 it was evident that the two PTFE inserts had slid during fabrication 
and the defect had an initial oblong shape rather than a circular one. This measured initial 
size of the delamination was used for the computation of the delamination growth with DIC. 
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Between the two load stages little damage growth was observed in the C–Scans and this was 
in the load direction rather than in the main growth direction transverse to the load. 
The position of the ply splits A-A’ and B-B’ (Figure 8-20) did not correspond to the one 
observed in the C−Scans (Appendix C). Also, the C−Scans revealed growth at two different 
ply interfaces 3rd/4th and 2nd/3rd. However, after exposing the surfaces; the whole delaminated 
area was contained in ply interface 3rd/4th. This could be due to the 2nd/3rd ply interface 
delamination running under the surface that was exposed. The discontinuous delamination 
front from the left side of Figure 8-19 indicated that it had been interrupted and changed ply 
interface. This interface change was probably through a ply split of the 60˚ply (3rd) which 
occurred before and would match the one observed on the C−Scan. The fact that the ply 
A-A’ split was not exposed as the ones seen in panels S1 to S3 (+45˚/-45˚) was due to the 
limited extent of this delamination and ply split compared to the ones obtained previously. 
Although the ply split was seen in the C−Scan to reach only until the delamination front 
(Figure 8-5) this could not be verified fractographically and that same ply split was seen to 
extend past the delamination front. This supports the fact that the ply splits seem to have 
occurred first, as the discontinuity on the delamination morphologies indicates in the area 
close to the insert (Figure 8-21). 
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Figure 8-21 Micrograph of the uppermost matching surface at 60˚ ply split from panel S4 at 
location (1) (Figure 8-20). 
8.2.6.3 Panel S5 ply interface 75˚ /-15˚ 
 
Figure 8-22 Upper fracture surface of panel S5 (defect at 3rd/4th ply interface 75˚/-15˚). 
Loading direction parallel to the 0˚ ply. Local buckling induced delamination shaded. 
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Figure 8-23 Schematical representation of panel S5 with micrograph locations. 
Panel 5 (Figure 8-22, Figure 8-23) exhibited global failure; in Section 8.2.1 it was deduced 
that the premature global failure was promoted by the presence of the delamination. Even 
though the catastrophic failure produced more complex failure surfaces, an attempt was made 
to sequence the failure. From the DIC results and tide marks it was deduced that a total 
growth of 25 mm was achieved before global failure. Only the areas where the delamination 
was local buckling-induced (rather than global failure induced) were examined 
fractographically. 
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Figure 8-24 Micrograph of the uppermost matching surface at 75˚ ply split from panel S5 at 
location (1) (Figure 8-23). 
Two distinct ply splits A-A’ and B-B’ (Figure 8-23) had promoted delamination migration at 
the sides of the defect. The 2nd/3rd ply interface (30˚/75˚) on top of the insert area was 
covered with witness marks of 3rd (75˚) ply splits. The witness marks were limited to the area 
underneath the insert and did not extend further, contrary to panels S1 to S3 where the ply 
splits extended past the insert (Figure 8-6a). This could mean that either the ply splits did not 
develop further or that they did after the delamination grew and thus witness marks were not 
created. After inspecting the lowermost matching surface it was evident that the ply splits did 
not grow further than the insert and the only ply splits which did were A-A’ and B-B’(Figure 
8-24) together with some ply splits located in between A–A’ and B−B’ (Figure 8-25). These 
ply splits had an intralaminar mode I dominated component. 
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Figure 8-25 Micrograph of the uppermost matching surface at -15˚/75˚ ply interface from 
panel S5 at location (2) (Figure 8-23). 
8.2.6.4 Panel S6 ply interface 90˚ /0˚ 
The final panel (S6 90˚ /0˚ ply interface) had also failed globally with a compression failure 
of the front skin and buckling and delamination at the back skin. Similar to panel S5, witness 
marks of the 3rd ply (90˚) splits were found on the 2nd ply. An interlaminar shear component 
was found on the main ply split (Figure 8-28). The growth rings that were visible on the left 
side of Figure 8-26 indicate that the delamination did not interact with the ply split A-A’ 
until global failure. The mode mixity at the initiation site was highly mode I dominated with 
a mode III component (Figure 8-29). Although the initial defect ply interface (90˚/0˚) was 
favourable for the growth of delamination the presence of 90˚ ply splits promoted 
delamination migration on the lower side of the panel.  
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Figure 8-26 Upper fracture surface of panel S5 (defect at 3rd/4th ply interface 75˚/-15˚). 
Loading direction parallel to the 0˚ ply. Local buckling induced delamination shaded. 
 
Figure 8-27 Schematical representation of panel S6 with micrograph locations. 
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Figure 8-28 Micrograph of the uppermost matching surface at 90˚ ply split from panel S6 at 
location (1) (Figure 8-27). 
 
Figure 8-29 Micrograph of the uppermost matching surface at insert boundary from panel S6 
at location (2) (Figure 8-27). 
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8.3 Numerical analysis details 
The aim of the finite element study was to simulate the experimental setup and if possible to 
support the fractographic observations. The work described in this Section utilised the same 
layups as those tested in Section 8.2.1. These models were not sophisticated enough to 
account for delamination migration. Instead, the models were used to understand some of the 
fractographic observations such as the ply splitting. Furthermore, the values obtained from 
this analysis were not intended to be used to predict delamination onset but as a means to 
compare the different behaviour of the four configurations. The particular aims were to 
compare: 
a. Local buckling values for a panel with a delamination, corresponding to the first 
eigenvalue; 
b. The delamination onset values and location; 
c. Location and applied strain values for ply splitting; 
d. Energy release rates at the defect boundary. 
In addition to the finite element modelling, the predicted elastic properties for the laminates 
were obtained with the laminate analysis software LAP [174]. 
8.3.1 Description of the finite element model 
8.3.1.1 Mesh geometry 
The finite element code ABAQUS Standard [158] was used to model the four stacking 
sequences given in Table 8-1. The material properties used are listed in Appendix D. The 
design of the model, the mesh and the boundary conditions are shown in Figure 8-30 and 
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Figure 8-31. Two independent analysis were performed, the first one an eigenvalue analysis 
to predict buckling and the second with cohesive contact to predict delamination. 
The mesh had an initial imperfection on top of the delamination. The geometry of this 
imperfection was obtained from node displacements in the eigenvalue analysis. The height of 
the blister was chosen to be 0.1 mm, 13% of the upper sublaminate [175,176]. The buckling 
eigenvalue analysis was linear and, therefore, did not include any contact constraint and 
interpenetration of nodes into elements was possible. To exclude the possibility of starting 
the analysis with a non-physical solution, any negative displacements were considered zero. 
The three first layers on top of the delamination were modelled as independent parts with 
solid elements (C3D8 [158]) and the lowermost remaining plies as a single homogenised 
composite section with one element through the thickness (see Figure 8-31). The mesh was 
partitioned into a circular area on top of the initial delamination and a square area of 100 mm 
x 100 mm inside of which the mesh was refined as shown in Figure 8-31. The element length 
at the initiation sites was of a maximum of 1.37 mm. This mesh refinement was comparable 
to literature results on analogous finite element analysis on embedded delaminations [71]. 
 
Figure 8-30 Overview of the numerical analysis structure. Dimensions in mm. 
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8.3.1.2 Boundary conditions and constraints 
Only the gauge section of the panel was modelled. The boundary conditions applied to the 
model are shown in Figure 8-31. These were chosen to simulate the ends of the sandwich 
panel configuration that were potted inside the resin. One edge of the panel was clamped and 
the load was applied as a prescribed displacement on the other edge. The back surface was 
constrained from displacing in the z-axis.  
Fixed in x, y, z 
 
 
 
 
 
 
Back surface 
fixed in z 
 
Figure 8-31 Mesh and boundary conditions ε∞=-7500 µε, the diameter of the defect is 
50 mm. 
x
y
Imposed displacement in x Fixed in y, z 
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The in-plane displacement was applied in increments using a geometrically non-linear 
dynamic implicit analysis. The geometrical non-linearity was induced because of the large 
deflections of the blister on top of the delamination. A thermal load equivalent to the 
difference between curing temperature and room temperature was applied to account for the 
thermal residual stresses. 
8.3.1.2.1 Cohesive contact 
Cohesive contact properties were added at the 3rd/4th ply interface, its properties are detailed 
in Appendix D. The mixed-mode damage criterion chosen was a quadratic stress criterion so 
as to take account of the contribution of shear stresses:  
 !〈tn〉
tn0
$2 + !ts
ts0
$2 + !tt
tt
0$2 =1 4-1 
Where 〈 〉 is the Mc-Cauley bracket defined as 〈x〉=max%0,x& x∈R 
The plies were tied on the area outside of the square using a node-to-surface discretisation 
approach. This was done to decrease the computation time and the delamination at the edges. 
The inner square area had a cohesive based interaction with damage initiation and 
propagation capabilities. The area of the insert had contact constraints to avoid the 
interpenetration of the two layers. Intralaminar damage of the third ply was modelled by 
means of enriched function with XFEM capabilities. The properties required for the XFEM 
interaction are found in Appendix D. 
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8.3.1.3 Strain energy release rates at the boundary 
The change of coordinates for the calculation of the SERR that was introduced in Section 
6.2.4.1 was applied to identify the points of the insert boundary at which migration was 
likely to occur caused by a high transverse shear mode. 
Table 8-3 Sandwich panels numerical and laminate analysis results.  
  45˚/-45˚ 60˚/-30˚ 75˚/-15˚ 90˚/0˚ 
From numerical 
analysis 
Delamination -1573 µε -1579 µε -2495 µε -2776 µε 
Ply split -2498 µε -3413 µε -5922 µε <-7500 µε 
Linear eigenvalue 
analysis Buckling strain -592.7µε -594.6µε -640.3 µε -629.8 µε 
Non-linear 
analysis −7500µε Blister height 2.54 mm 1.92 mm 1.49 mm 1.30 mm 
Predicted from 
laminate analysis. 
Upper 
sublaminate only 
Flexural 
Stiffness Exx 
111.2 
MPa 
115.2 
MPa 
123.6 
MPa 
149.6 
MPa 
Flexural 
Stiffness Eyy 
176.0 
MPa 
179.6 
MPa 
177.4 
MPa 
161.3 
MPa 
 
8.4 Numerical analysis results 
Due to the asymmetry and unbalance of the upper sublaminate formed by the three 
delaminated plies, the blister exhibited bending-twisting coupling and presented a little 
rotation. The different rotation of the blister did not affect the location of the delamination 
onset as this point was the same for the four stacking sequences. However, the far-field strain 
corresponding to onset of delamination was influenced by the stacking sequence. The latter is 
here defined as the far-field strain when the nodal damage variable reached one. The onset 
values are summarised in Table 8-3. 
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e) S1 +45˚/-45˚ 
Figure 8-32 a)-d) Schematic plys split position obtained from XFEM analysis at -7500µε, 
and e) detail of XFEM damage variable as seen in Abaqus [158], 3rd layer from panel S1 
+45˚/-45˚. 
The fact that the delamination onset values seem to be sensitive to the fibre direction could 
be due to the different flexural stiffness of the upper sublaminate. Mode I was predominant at 
the initiation sites with a proportion of mode I between 70% for S1, S4 and S6 and 58% for 
S5 in a short band situated between θ=1.0 and θ=2.2 rad. The proportion of shear increased 
rapidly outside that interface until reaching the maximum proportion at the transverse 
boundary. The results for each configuration are shown in Figure 8-33. It is seen that the 
proportion of transverse shear is predominant in the majority of the boundary which would 
explain the position of the migration observed. From the XFEM analysis damage at the 
individual 3rd ply was obtained (Figure 8-32). For all the cases except for panel S6, ply 
interface 90˚/0˚ ply splitting developed at the boundary of the insert and then extended in 
a) S1 /-45+45° ° b) S4 /-3060° °
c) S5 /-1575° ° d) S6 /090° °0˚ ply 
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both directions. The values of strain at which ply splitting occurred were significantly higher 
than those at delamination initiation. It is important to note that both the XFEM analysis and 
the VCCT predict migration. 
  
 a) S1 +45˚/-45˚ b) S4 60˚/-30˚ 
 
 c) S5 75˚/-15˚ d) S6 90˚/0˚ 
Figure 8-33 Strain energy release rates at the crack. 
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8.5 Summary 
Sandwich panels containing an embedded defect in one of the skins were tested to study the 
effect of the stacking sequence on the growth behaviour. Under the compressive load the 
delamination grew at three different interfaces and migrated through trans and intralaminar 
ply failures. The fracture path was observed to be highly reproducible for nominally identical 
configurations. The fractographic observations were linked to the expected ply split and 
migration locations deduced from a XFEM numerical analysis and a mode-mixity study at 
the insert boundary. 
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 Discussion Chapter 9.
In this Chapter the research reported in Chapters 5 to 8 is discussed. The results between the 
two sets of embedded delamination panels are compared and parallels between the 
observations of the width tapered ELS specimens are drawn. In Chapter 2 the dearth of 
studies aimed at the post-initiation behaviour of delaminations was highlighted. The 
particular mechanisms that were highlighted were migration and directionality, therefore this 
Chapter is going to focus on the growth mechanisms observed across the different 
configurations studied in this thesis. 
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9.1 Delamination directionality 
The directional effect of the fibres was observed in the panels containing embedded 
delaminations (Chapter 5). This effect is illustrated in Figure 9-1 where a comparison 
between three different directing ply fibre angles is shown. To further explore this 
phenomenon the width tapered ELS configuration and the model material specimens are 
discussed. 
 
Figure 9-1 Mismatch between main growth direction and shear direction for a delamination 
growing from an embedded defect.  
9.1.1 Delamination growth mechanisms width tapered ELS 
In the experimental studies reported in Section 6.2 a simple test configuration was presented 
which illustrated directionality of delamination growth. Although global growth appeared to 
have been radial from the insert boundary, local delamination extension had occurred at four 
different ply interfaces; delamination had locally grown parallel to the lowermost ply 
orientation of each of these interfaces. This has been reported in the literature in the context 
of delamination growth from embedded defects [177]. 
All four configurations studied had a similar migration mechanism, ply splits developed from 
the free edge and caused the delamination to migrate, this first stage is illustrated in Figure 
6-5a, Figure 6-11a and Figure 6-14a. The presence of these ply splits promoted the 
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delamination plane to migrate such that it found interfaces in which the lower ply direction 
radiated out from the insert region. This process was also observed in cases where ply splits 
were not due to global bending (Figure 6-14d). After the delamination had migrated once, if 
the next ply was transverse to the radial direction from the insert, delamination promptly 
migrated to the following ply. This situation induced a stress concentration at the vicinity of 
the first ply split and led to fibre failure (in-plane shear). This mechanism is closely related to 
the one observed near the insert boundary (Figure 5-23) for the embedded delamination 
geometry. The resulting fibre failure could be confined to the vicinity of the ply split or be 
more gradual, affecting a larger area. The process is illustrated in Figure 6-5c and Figure 
6-11c along ply splits A-A’ and D-D', for clarity the confined fibre failure is represented. 
Nevertheless, the confined and gradual fibre failure were equally found across the panels and 
often appeared simultaneously in the same panel.  
Two separate migration mechanisms were observed, the first one associated with 
intralaminar cracks generated prior to delamination (although this was not verified with the 
FE analyses) and directly related to the delamination growth and secondly the migration 
occurring gradually at the middle of the specimen due to the mismatch of growth and 
directing ply direction (Configuration 4). From its morphology and origins the two migration 
mechanisms are thought to be intrinsically different. Whilst the first one was caused by the 
presence of ply splits due to global bending (i.e. exceeding the transverse ply strength) and 
free edge stresses the second one did not have obvious causes related to external factors. 
Therefore, the first one could be predicted with continuum damage models; this would not be 
the case in the second type. The second mechanism presented evidence that even if ply 
splitting is not induced by local stresses exceeding local strength, migration can still occur 
driven solely by the delamination process. 
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Since this test exhibited a high level of reproducibility (Appendix A) it could be used to 
validate numerical models for predicting delamination migration and intralaminar cracks. 
Finally, it was notable that the multilevel delamination lobes (Figure 6-4) were very similar 
to those observed in impact damage, as reported by Hull [126]; these had also been attributed 
to preferential delamination growth along the ply direction. 
9.1.2 Model material tests for the study of directionality 
To characterise the geometrical effect of the fibres on the toughness of the delaminating 
interface a macroscopic replica of the interface was used. The first set of experiments, made 
of PMMA and tested under FRMM and Arcan test load conditions [163], allowed for a 
fracture toughness measurement to be taken under certain conditions of surface treatment. 
Even when these were stable, the fracture was purely adhesive which is not representative of 
a mixed-mode delamination in composites. The PMMA WTELS (Section 6.3.1.1) provided a 
visual tool to explain fibre directionality but as with the PMMA FRMM and Arcan 
specimens failure was purely adhesive and no discernible fractographic features were found 
to explain the directionality observed.  
The last model material specimen studied, CNC machined steel, although not intended for 
fracture toughness measurements due to its instability, produced suitable fracture surfaces for 
the study of delamination directionality. Also, due to the greater size of the features the 
surfaces were subjected to a higher degree of friction that is not as severe in composites [93]. 
These tests illustrated that the mechanisms observed in the model material specimens are the 
same as those that occur in composite materials: the choice of interface was purely 
determined by the sense of the shear stress at the crack tip [45] and mixed cohesive and 
adhesive failure was observed. 
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It has been suggested by Greenhalgh [4] and shown in Section 6.2.5 that mode III could be 
identified through fractographic morphologies such as cusps that have developed parallel to 
the fibres (Figure 6-28). Such considerations have never been proven due to the elusiveness 
of mode III in test coupons. The steel FRMM specimens could open a door to verify the 
origin of certain fractographic observations. For example, the fact that cusps developed 
parallel to the grooves direction in the +45˚/-45˚ specimen (Figure 6-45b) suggests that, for 
this type of cusps to have developed, migration needs to have been prevented. This, together 
with the fact that parallel cusps can develop in composites, indicated that there are 
mechanisms that can inhibit migration in structures. This may be due to the degree of 
constraint on the delamination in the test coupons. As has been shown in Section 6.2.5, a 
wider test specimen, the width tapered ELS, was able to consistently produce such cusps. 
9.1.3 Implementation of directionality into finite elements models 
Two routes for the implementation of directionality into finite elements models were 
introduced in Section 6.2.3. The two most widely used methods for delamination prediction 
were chosen: VCCT and cohesive elements. Both methods required the previous 
identification of the directing ply at the delaminating interface. For this, the sign of the shear 
stress acting at the node tip for VCCT or at the integration point for cohesive elements needs 
to be extracted. This information had to be complemented with the direction of the principal 
stresses relative to the position of the crack front. These ultimately dictated which ply at the 
interface was the directing ply. 
The first method studied, VCCT, highlighted the need for the introduction of fracture modes 
respective to the fibre direction of the plies at the delaminating interface. This was shown to 
provide a tool for the prediction of migration in shear. This method is simple enough to be 
Discussion 
206 
applied for controlled loading conditions where the directing ply is known a priori. In this 
way, it would be relatively simple to identify the conditions that led into migration for 
different load configurations and materials. 
The possibility to include fibre directionality in FE models was also considered for a 
cohesive damage approach. By manually defining the orientation of the cohesive elements in 
the ply interface it is possible to dictate a preferential growth direction. However, enhancing 
the transverse mode critical SERR is not sufficient to predict the behaviour of composite 
materials. The plies adjacent to the delaminating interface need to be enriched with 
intralaminar damage capabilities to provide a predictive tool for composites. 
It was shown that after a critical value the cohesive element sensitivity to the mismatch 
between the transverse and axial critical SERR decreased, indicating that the accurate 
characterisation of the transverse critical SERR is less critical for large values of GIIIC/GIIC. 
9.2 Mixed-mode II/III cusp morphology 
It has been shown in Section 6.2.5 that mixed-mode transverse/axial shear cusps could be 
obtained in controlled loading. When comparing these results with the fractography reported 
in the literature [22,24,25,38] divergences were appreciated. The morphology of the cusps 
compared well with Lee et al [24] and Donaldson et al [22] who observed crowfeet starting 
at the fibre/resin interface. However, the fracture surface morphology reported by Robinson 
et al [25] and Davidson et al [38] shows fibre debris probably due to bridging. Cusps were 
not apparent on the fracture surfaces. The fibres appear to be dry which may indicate that the 
absence of cusps is particular to these matrix systems. 
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9.3 Delamination migration in mixed-mode transverse/axial shear 
After the definition of the transverse shear mode it became apparent that the cusp 
morphology could be correlated to these calculations. Also, the areas where transverse mode 
was predominant usually led to delamination migration. This was observed at the insert tip of 
the width tapered ELS (Section 6.2) and also at the insert boundary in the sandwich panels 
containing an embedded delamination (Section 8.2). In the width tapered ELS, the scatter of 
the migration position was too large to determine accurately the proportion of transverse 
mode necessary to promote migration; this was found to be Gy/Gx=0.26±0.12. Nonetheless, it 
is not clear how to translate this proportion to the critical fibre angle at which migration 
occurs. 
The conventional mode III has been linked in the literature [160] with intralaminar cracks 
appearing ahead of the crack tip before [159] the onset of macroscopic delamination. These 
cracks developed at an angle with respect to the delamination plane (Figure 9-2a). Similar to 
the microcracks appearing ahead of the delamination tip in mode II [85,92], these were 
orientated to the maximum tensile stress. The study revealed that macroscopic delamination 
growth was caused by the coalescence of these microcracks. However, the presence of these 
microcracks was not enough to trigger delamination migration, indeed a change of 
delamination plane was not observed in unidirectional laminates [159]. It has been suggested 
[178,179] that for migration to occur the microcracks need to meet a multidirectional ply 
interface, at which point the microcrack will deflect to start propagating interlaminarly. This 
effect could be observed by the tilt of the microcracks when reaching the next ply, similar to 
the S-shaped cracks observed in mode II [19,95]. 
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Figure 9-2 a) Resin microcracks ahead of the crack tip for different mode mixities, b) 
orientation of the microcracks in a width tapered ELS configuration c) schematic view of the 
microcracks in a width tapered ELS configuration. 
From the fractographic observations presented in Chapters 4 to 8 it can be seen that the ply 
splits were always at an angle with respect to the ply plane and often with a degree of 
intralaminar shear associated. It was suggested that these ply splits had an early origin 
(determined by the continuity of the failure surfaces) as was also proposed by Johnston et al 
in mode III specimens [159]. 
Migration is possible Migration is possible
Migration is prevented
Pure mode II Mixed-mode II/III Pure mode III
a)
b)
c)
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9.4 Delamination migration in mixed-mode I/ interlaminar shear 
Delamination migration in mixed-mode I/shear was controlled using a variable mixed-mode 
test configuration. It was shown that the migration was dictated by the shear direction as well 
as the shear-traction mode ratio. However, the critical ratio was difficult to determine as the 
delamination appeared to migrate at different points at the crack front. Therefore, the shape 
of the migration step could not be directly correlated to the mode mixity. This suggested a 
high sensitivity of the delamination migration to the load conditions.  
The mode mixity of the failed surfaces, mode I dominated, confirmed that the amount of 
shear necessary for crack kinking is relatively low as proposed by Fleck et al [105]. Also, the 
slight amount of shear present at the migration step suggested that the migration propagated 
transversally from the initiation point. This was already suggested by Robinson et al [131]. 
However, this could also have been due to a certain degree of load misalignment introduced 
when testing. 
Ratcliffe et al [134] suggested that the instability of the crack was expected to alter the point 
at which delamination would migrate. If migration can be explained by the energy balance 
proposed by Wang et al [105] it is clear that a sufficient drop of interlaminar fracture 
toughness due to an increase of crack speed would inhibit the migration. 
This was verified in Configurations 4 to 6 (delaminating ply interfaces 0°/90°, 90°/0° and 
90°/90°). The averaged SERR calculations at the crack front showed that after the shear sign 
turning point (Figure 7-12) Configuration 4 reached first the critical migration value. It was 
expected that Configuration 6 would have a similar behaviour as Configuration 4 as the 
stacking sequences only differed on the position of one ply. However, this was not the case 
as delamination in Configuration 6 migrated later than both Configuration 4 and 5, although 
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being the Configuration that exhibited the more stable fracture. The link between k and the 
test instability was not clear and requires further attention.  
This test provided, a simple way to control migration, however, the interval at which the 
shear stress was turning maybe too wide (ranging between 5 to 10 mm depending where the 
critical ratio was defined) to promote a clear migration through a single step. During this 
turning point the mode I component is predominant which can lead to the observation of a 
different phenomenon as migration also occurs in pure mode I in cross-ply laminates [122-
125]. This may complicate the analysis if only the mixed-mode ratio is to be studied.  
9.5 Embedded delamination tests 
9.5.1 Discussion of testing and analysis 
The sandwich panel configuration proved to be successful for two of the four configurations 
tested. Unfortunately, there were some problems associated with the experimental design: the 
global instability of panels S5 and S6, which failed catastrophically after no significant 
growth had been achieved. The sandwich panels were designed to withstand loads up to 
−19233 µε, however, due to the loss of the bearing capacity of the three outer plies panels S5 
and S6 failed at −6296 µε and −7000 µε respectively. The depth of the defect had been 
reported in literature [41] to be a key factor for the delamination growth stability and may be 
the cause for the instability in the tests of Section 8.2.6.4. Because double thickness prepreg 
was used, the delamination was already placed as close to the surface as possible to achieve 
growth at two different interfaces. A second form of instability was also detected in panels 
S2 and S3. After an initial stable growth, the delamination became unstable until it reached 
the free edge without global failure. 
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Acoustic emission was useful to capture delamination growth onset by means of the events 
cumulative energy. It was possible to distinguish fibre failure, especially present in panels S1 
to S3, and confirm that it was caused by the mechanical testing and not induced by dissection 
of the failed surfaces. It was not possible, however, to sequence failure modes other than 
fibre failure, which was clearly differentiated and occurred at the later stages of the test. 
Matrix-dominated failure modes (matrix-cracking, delamination, fibre/matrix debonding) 
highly interacted with each other during the propagation of the delamination. Although they 
could be differentiated by distinct frequency bands, the failure sequence could not be 
established. Hence, it was particularly useful to determine the delamination onset together 
with DIC results. 
The out-of-plane displacement DIC measurements of the surface were used to determine the 
position of the crack front. Following the algorithm by Reeder et al [49], a local minimum 
near the change of slope was tracked. As the blister buckled, this point moved to reach a 
plateau before delamination growth. This plateau was difficult to identify in most of the 
cases. This made it problematic to differentiate if the shift of the local minimum was 
associated either with the progressive buckling of the blister or with the growth of the 
delamination. This was especially difficult after the first delamination growth stages. 
Although the rate of growth was successfully measured uniquely with DIC, to clearly 
identify the delamination onset it was necessary to couple the results with acoustic emission. 
However, these results did not capture the trend that was anticipated from the FE results. 
The out-of-plane displacement at the peak of the blister did not add information to establish 
delamination growth onset but was useful to identify sudden buckling. This instability was 
associated with the first stages of loading when the inserts were sticking together. This was 
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also observed in the second load step of panel S3 after a certain growth was already achieved 
on the previous load step.  
Time-of-flight C−Scans were a powerful tool to distinguish the origin of the failed surfaces. 
It was evident when exposing the surfaces that not all the features were observed at the same 
place. In panels S1 to S3 the migration to the 2nd/3rd (0˚/45˚) ply was observed to be closer to 
the insert than after exposing the surfaces. The same happened with S4 where the main ply 
split was not exposed but was a 2nd ply split which was not present in the C−Scans. These 
divergences can be due to the fact that TOF C−Scans are only able to show the depth of the 
first delamination that is encountered, in this case the shallower. The inspection of the back 
face was prevented by the honeycomb and the back skin. Also, when exposing the surfaces, 
the opening mode may have created new delaminated surfaces, as in the case of S4. Further 
fractographic observations such as the continuity of the growth rings provided more 
information to identify the nature of each delaminated surface.  
9.5.2 Discussion on delamination growth mechanisms 
Two sets of experiments were analysed and compared to determine the general growth 
mechanisms for embedded delaminations under compression. The first one, the slender FFA 
panels L, K, G and C in Chapter 5, and the second one, the sandwich panels S1 to S6 in 
Chapter 8 Although some differences were found between the two, the growth mechanisms 
were equivalent and a general sequence of the failure could be drawn. 
The main differences between the sandwich configuration from Chapter 8 and the slender 
panels examined in Chapter 5 were found to be the global instability of configurations S5 and 
S6 and the mode mixity at the insert boundary. A possible cause has already been identified 
as the depth of the defect, 375 µm for the FFA panels against 750 µm for the sandwich 
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panels. However, the delamination growth occurred at significant higher strains, between 
−12000 and −9000 µε for the FFA panels [148] and between −1200 and −5200 µε for the 
sandwich panels. 
Under compressive loading the upper sublaminate buckled into an elliptical shape with its 
major axis transverse to the loading direction as seen from the DIC results. When the upper 
sublaminate plies were balanced, as for panel S6 with an upper sublaminate stacking 
sequence of -45˚/45˚/90˚, the blister did not exhibit rotation. For the rest of the configurations 
the upper plies were unbalanced and, therefore, the stiffness matrix included coupling terms 
which led into a rotation of the blister [8]. This was well predicted numerically and 
reinforced the need for a full model instead of a symmetrical quarter of the model to capture 
this effect [180]. 
The high bending stresses induced at the upper sublaminate caused ply splitting in all the 
configurations (panels L, K, G and C and S1 to S6). The presence of ply splits was well 
predicted by the XFEM analysis. This kind of analysis is only capable of accounting for the 
growth of a single crack per defined domain. In this case only one domain per ply was 
defined which does not exclude the possibility of having more cracks that develop during the 
tests. The first element at which the XFEM damage variable reached full degradation varied 
with the stacking sequence of the panels. The location of the ply splits of the 3rd ply was 
studied in the FFA panels in Chapter 5 (Figure 5-22). A good agreement with the position of 
the regions with higher density of ply splits and the location of the XFEM crack was found.  
In the first stage, the ply splits were formed and were limited to the area of the insert. After 
the delamination onset, the bending stresses on the plies above the insert were relieved. At 
this point two different situations were found. For panels S1-S4 (+45˚/-45˚ and 60˚/-30˚) the 
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ply splits at the 3rd ply grew outside the insert boundary contrary to panels S5 and S6 
(75˚/-15˚ and 90˚/0˚) where the majority of ply splits were contained inside the insert 
boundary. In the case of S5 and S6 only the ply splits (A-A’ and B-B’ in Figure 8-20 and 
Figure 8-23) propagated outside the insert. The development of the ply splits at the 3rd ply 
was seen to have a shear component induced by the global compressive load. This first 
sequence is illustrated in Figure 9-3. 
 
 a)  b) c) 
Figure 9-3 Schematic representation of the ply split and delamination formation in a general 
angled ply configuration. a) Firstly ply split develop, confined at the insert area later b) 
delamination initiates and grows until c) meeting the ply splits and migrating at this point the 
ply splits involved in the migration and the delamination grow together. 
For panels S5 and S6, the shear stresses induced by the compression load were not enough to 
promote further development of the ply splits outside the insert and they therefore stopped 
after the delamination onset. The 75˚ and 90˚ (3rd ply) ply splits A-A’ and B-B’ which 
developed outside of the insert were driven to grow together with the delamination. This was 
not the case in panels S1 to S3 where the ply splits were seen to develop independently of 
causing delamination migration. The extent of the ply splits was limited to the vicinity of the 
delamination front, as could be seen in the amplitude C−Scans (Figure 8-5) and X-ray 
(Figure 8-6). This suggests that even if the causes of the ply splitting were removed (or 
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relieved), as happened at the delamination onset, the mere delamination/ply split interaction 
would be enough to drive the growth of the ply split. 
Delamination onset was mode I dominated (Figure 8-12 and Figure 8-29) for all the 
sandwich panels, with the mode II component increasing as the delamination grew. A mode 
III component could be observed in these micrographs; the cusps seem to be orientated 
parallel to the fibres. The delamination had a larger mode II component in the FFA panels. 
This difference was probably due to the clamping conditions during the test. Several authors 
reported [41,181,182] the negligible contribution of mode III in this type of geometry, 
however, this is thought to be dependent on the stacking sequence [6]. Furthermore, the 
fractographic features observed in Figure 8-12 and Figure 8-29 diverge from those observed 
in mixed-mode I/II configurations [4] which indicates that the classical mode partitioning is 
not sufficient to explain the delamination behaviour in this case. 
Fibre failure was observed in all the FFA panels (Chapter 5) and in panels S1 to S3 (defect at 
ply interface +45˚/-45˚, Section 8.2.6.1). Fibre failure has been previously observed in this 
type of specimen geometry [8] and predicted numerically [52]. The fibre failure had three 
different morphologies: first, in-plane shear failure at the insert edge; second, compression 
failure of the 2nd, 3rd or 4th ply; and third, simultaneous in-plane shear and compression 
failure of the 3rd and 4th ply.  
The fibre failure at the insert boundary was found in panels L and K in Section 5.2.2.1−2 
(defect at ply interface +45˚/-45˚ and 65˚/-25˚) and in panels S1 to S3 in Section 8.2.6.1 
(defect at ply interface +45˚/-45˚). The area where the in-plane shear failure was found was 
identified and plotted in Figure 9-4. In this area the mismatch between the fibre direction and 
local growth direction was maximal. The delamination migrated immediately through close 
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ply splits that followed the insert edge. If a larger ply split was already present in the area, 
the delamination migrated through this one and fibre failure did not occur. This was thought 
to be an early event although it was not captured by AE. The rest of the panels (S4-S6, 
Section 8.2.6, and G and C, Section 5.2.2.3) did not exhibit fibre failure near the boundary 
because the area of maximum mismatch rotated towards the longitudinal boundary where 
delamination did not grow. Figure 9-4a shows the area where in-plane shear failure was 
observed in panels S1 to S3 and Figure 9-4b and c show the area with the same angle 
mismatch which would correspond to panels S4 and S5. 
 
 a)  b) c) 
Figure 9-4 Schematic representation of the location of in-plane shear failure, in grey, at the 
insert edge for panel a) S1 to S3 (+45˚/-45˚) b) S4 60˚/-30˚ and c) S5 75˚/-15˚. Arrows 
represent the mistmatch angle. 
The second type of fibre failure was observed in panels G (80˚/-10˚) and C (87˚/-3˚) in 
the -10˚ and -3˚ (4th ply) and in panels S2 and S3 (+45˚/-45˚) in the 0˚ ply (2nd ply). This type 
of failure was pure compression and occurred in the principal load bearing plies. After the 
delamination propagated at the 3rd/4th ply interface in panels G and C and at the 2nd/3rd ply 
interface in S2 and S3, those plies lacked from out-of-plane support. This promoted fibre 
micro-buckling (Figure 5-21) which ultimately caused fibre failure. This type of failure was a 
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stable event when bounded by ply splits (Figure 5-2, Figure 5-13, Figure 5-18 and Figure 
8-8). 
The third type of fibre failure observed in panels S1 to S3 was a combined compression of 
the 0˚ (2nd) ply and in-plane shear of the +45˚ (3rd) ply. Failure at the 0˚ (2nd) ply started after 
a double migration as observed in Section 6.2.2.2. After the delamination migrated to the 
2nd/3rd ply interface (0˚/45˚) the directing ply was a 0˚, which was transverse to the global 
growth direction, and migrated near the +45˚ ply split. The position of this double migration 
was found between 8 and 16 mm from the insert, however in the C−Scans the delamination 
at the 2nd/3rd ply interface (0˚/45˚) was seen to start almost immediately after the insert. The 
continuity of the features between the 3rd/4th ply interface and the 2nd/3rd was lost at some 
points on the ply splits B-B’ (Figure 8-7), F-F’ (Figure 8-9) and I-I’ (Figure 8-11). This 
suggested that there was a delamination at the 2nd/3rd (0˚/45˚) ply interface that propagated 
underneath the exposed surface. The fibre failure propagated in a stable manner when only 
the 0˚ (2nd) ply failed. However, when the +45˚ ply (3rd) 0˚ ply (2nd) failed together, the 
failure propagated unstably until reaching the free edge. Although being an unstable event 
the former did not lead to global failure of the panel. The stable nature of the compression 
failure of the 0˚ (2nd) ply was also verified by DIC and AE. The growth rate of the 
delamination decreased at the first fibre failure event registered (Table C-3). It was not until 
later, that the delamination became unstable in one side of the panel. 
Panels S5 and S6 had a directing 3rd ply which was near to the global growth direction, 90˚ 
and 75˚ respectively. It was expected that delamination would not migrate in these panels as 
the fibres in the 3rd ply would prevent the crack from growing intralaminarly. However, due 
to local buckling of the upper sublaminate, ply splits developed on the 3rd ply. When the 
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delamination reached those ply splits, it migrated towards the 3rd/2nd ply interface. This 
interface (30˚/75˚ and +45˚/90˚) had a less favourable directing ply (30˚ and +45˚ for S5 and 
S6 respectively). This could have limited the growth of the delamination and increased the 
stresses at the crack front. When the delamination finally propagated, the strain energy 
available for propagation was enough to promote unstable growth and global failure. Also, 
this could have been caused by the higher bending stiffness in the upper sublaminate of S5 
and S6 (Table 8-3) compared to the other panels. 
The effect of the bending properties of the delaminated plies was thought to greatly 
contribute to the different behaviour of the panels. The bending properties mainly affected 
the position of the ply splits and the strain level at which they would occur. For example, the 
presence of a 90˚ ply in the upper sublaminate shifted the position of the ply splits towards 
the longitudinal boundary (Figure 5-22). It also increased the strain level at which ply 
splitting occurred together with the strain level at delamination onset (Table 8-3). It was seen 
that the position of the ply split was critical for the delamination migration. In this way, the 
delamination in panels G (80˚/-10˚) and C (87˚/-3˚) (Section 5.2) did not migrate because the 
ply splits could not physically interact with the delamination. Contrarily, panels S5 (75˚/-15˚) 
and S6 (90˚/0˚) exhibited migration even though the ply interface at which the delamination 
migrated was less favourable than the original ply interface. This suggested that this first 
migration was mainly due to the presence of transverse ply splitting due to a high transverse 
shear mode rather than the inherent directionality of delamination growth. However, other 
migration mechanisms were found that did not have its origin in the bending of the upper 
sublaminate. These were the second migration of panels L (Section 5.2.2.1) and S1 to S3 
(Section 8.2.6.1) with an upper laminate stacking sequence (90˚/0˚/45˚/-45˚). The migration 
from ply interface 3rd/4th to 2nd/3rd occurred almost immediately after the first migration (see 
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C-scan Table C-1). Although the bending stresses could have caused the 0˚ ply splits (ply 
splits B-B’ (Figure 8-7), F-F’ (Figure 8-9) and I-I’ (Figure 8-11)) these were limited to the 
migration zone. This suggested a different origin from ply splits A-A’, D-D’ and G’-G in 
Figure 8-7, Figure 8-9 and Figure 8-11 respectively.  
At the same time, the panels where delamination did not initially migrate, G (80˚/-10˚) and C 
(87˚/-3˚) (Section 5.2), had a directing 3rd ply with a small angle mismatch with respect to the 
growth direction. The coincidence of these two phenomena makes it very difficult to 
differentiate between the causes of migration in this type of panels. 
9.5.3 Summary 
Delamination has been studied here in a particular case: embedded delamination close to the 
surface. The global behaviour of the panels suggested that for large defects the buckling and 
delamination onset can be relatively low. However, the loss in stiffness of the panels after 
delamination growth was not noticeable. From a damage tolerance point of view, the 
presence of fibre failure is potentially more harmful for the integrity of the structures; this 
type of failure has been observed across the different configurations. 
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 Conclusions Chapter 10.
10.1 Summary 
The aim of the research reported in this thesis was to understand and characterise the 
delamination growth behaviour in multidirectional laminates. Firstly, a review of the 
literature was conducted to identify the gaps on the knowledge (Chapter 2), this identified a 
lack of literature aimed at the characterisation of delamination growth after initiation. In 
particular two main mechanisms were identified to be critical for the understanding of 
delamination: directionality and migration. These two mechanisms were initially identified 
on a set of panels containing embedded delaminations at different interfaces (Chapter 5). 
Later the two mechanisms were isolated in bespoke test geometries. Firstly, directionality 
was studied by means of a width tapered ELS geometry intended to promote growth at a 
favourable direction (Chapter 6). The results of the width tapered ELS tests were linked with 
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the observations from a macro model which simulated the delaminating interface of a 
composite. The second mechanism observed, migration, was addressed with a single 
cantilever beam specimen configuration designed to control the direction of the shear forces 
on a mixed-mode I/II loading and to produce a clear single migration (Chapter 7). Finally, 
the understanding gleaned from Chapter 6 and Chapter 7 was combined to describe the 
delamination growth in a complex geometry (Chapter 8). 
The main findings of the work presented here were: 
1. Delamination growth, in both the embedded delamination panels and width tapered 
end-loaded split specimens, was determined by the stacking sequence: migration 
patterns and local growth directions were distinctive across the different stacking 
sequences and had a high degree of reproducibility across nominally identical 
specimens. 
2. Delamination directionality has been observed in different test geometries: under the 
same global growth conditions, the local shear directions were modified by the 
orientation of the directing ply, this was observed in the embedded delamination 
panels and in the width tapered end-loaded split specimens. 
3. Delamination directionality has been proved by means of a model material 
configuration and results have been compared to fractographic features found in 
composites. 
4. Delamination directionality has been implemented in two different finite element 
predictive models, virtual crack closure and cohesive elements. The implementation 
in virtual crack closure led to the definition of transverse and axial shear modes to 
replace mode II and mode III. The fractographic morphology of these two fracture 
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modes was identified experimentally. The implementation of directionality in 
cohesive elements led to the conclusion that the accurate characterisation of critical 
strain energy release rates in transverse and axial shear may not be critical after a 
certain ratio between the two values. 
5. Delamination migration was observed to be a reproducible event for load conditions 
with a sufficient shear component. Delamination migration was dictated by the sign 
of the shear and by the energetic balance between intralaminar and interlaminar 
fracture toughness.  
6. Delamination migration can occur through ply splits already present at the moment of 
delamination onset, provided the shear component is sufficient. 
7. Important secondary failure mechanisms which involve fibre failure and are expected 
to be highly detrimental for the load bearing capacity of the laminates have been 
identified. In-plane shear failure was observed whenever a delamination reached a 
non-favourable interface after migrating and was promptly promoted to migrate near 
a ply split. Compression failure was observed in the load bearing plies of embedded 
delamination panels. The sites exhibiting compression failure were usually bounded 
by ply splits; in that case the failure was arrested. If no ply splits were present, the 
compression failure progressed unstably. Both mechanisms were localised to the load 
bearing plies and did not promote global failure of the panel. 
8. Defining a transverse and an axial shear mode with respect to the directing ply 
provided a tool for identifying the shear conditions which would promote migration. 
It also allowed for the explanation of general shear fractographic morphologies. 
Finally, it linked the two phenomena studied in this thesis, delamination migration 
and directionality.  
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 Implications of research and Chapter 11.
future work 
11.1 Implications of research 
A major contribution of this work was the identification of the fundamental 
directionality/migration process which has considerable implications for damage tolerant 
design of composite structures. If a delamination is located at a preferable interface (i.e. the 
ply and growth directions coincide), then unconstrained (i.e. not involving migration to 
another interface) damage growth will ensue. However, if the stacking sequence is tailored to 
promote migration (i.e. plies orientated in the direction of growth are avoided), this will lead 
to massive tow bridging of the crack faces which tend to increase the tortuosity of the crack 
path and thus constrain damage extension. 
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When predicting damage growth it is important to first characterise the loading conditions at 
the crack tip. Sufficient interlaminar shear component will systematically drive the 
delamination towards one or other ply interface. This becomes important when tailoring 
stacking sequences: placing a ply which is aligned with the global growth direction will lead 
to unconstrained (i.e. not involving migration to another interface) growth.  
With this in mind, this work has demonstrated that it is possible to obtain generalised mixed-
mode shear fractographic features under controlled conditions. This has important 
implications when validating fracture toughness tests designed to produce mixed-mode shear 
loading. 
When characterising delamination migration in composites it is important to minimise the 
amount of bending introduced during the test. In a test with large local bending, as was the 
case in the embedded delamination configuration, the ply splits can have two diverse origins: 
presence of the transverse shear mode or the bending stresses exceeding the strength of the 
ply. Differentiating between these two cases can be difficult and further observations may be 
invalidated if the origin of the ply splits is not resolved correctly. 
Regarding prediction of migration, the energetic balance between the intra and interply 
critical strain energy release rate is key to assessing the possibility of migration. However, as 
the crack will follow the path of least resistance the exact values may not be needed. The 
width tapered end-loaded split specimen could be used to assess these values without the 
need of tests at different mode mixities. If bending is minimised to inhibit ply splitting, it is 
anticipated that the point at which delamination migrates is equivalent to the point at which 
the interlaminar toughness becomes higher than the intralaminar toughness.  
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Also, the predictability and reproducibility of migration can be used to our advantage when 
characterising angled interfaces. Rather than trying to avoid migration, the change of 
interface should be considered when designing the stacking sequences. The data reduction 
formulations should account for the different area created at each ply interface.  
11.2 Recommendations for future work 
A series of recommendations are given to pursue the work on delamination migration and 
directionality that was investigated in this thesis. 
The model material tests could give a good insight in the role of the fibre directionality in the 
delamination growth processes. It is suggested that further tests are performed with different 
geometries for the replicated surface and different adhesives to understand the behaviour 
associated with matrix toughness. 
It has been suggested in the literature [159] that the origin of the ply splits in mode III is 
dominated by the principal tensile stress, and, therefore, a mode I fracture morphology 
should be expected. However, observations of the ply splits in this thesis suggest the 
presence of intralaminar shear, although variable in intensity. It is, therefore, suggested that 
intralaminar shear is further investigated in other test geometries. 
It has been established that the balance between the intralaminar and interlaminar is key to 
understanding the moment at which migration is going to occur. Therefore, characterising 
migration in materials that have a higher interlaminar toughness than intralaminar toughness 
and vice versa could be used to validate and generalise the observations. 
From the single cantilever beam (SCB) specimens it can be seen that the crack starts initially 
kinking at a very shallow angle which increases slowly. The ply splits through which 
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migration occurred in the other specimens in this thesis also occurred at a characteristic angle 
with respect to the ply plane. Further characterisation of the ply split angle is needed to 
compare these two types of migration. Furthermore, the characterisation of the angle may 
give information of the origins of the ply splits. 
The SCB specimen proved to be convenient to create a single migration. However, the 
change of sign of the shear could be achieved through a 3-point bending (or a single leg 
bending) specimen where the delamination is allowed to grow past the central roller. This 
configuration would also have the advantage of having a sharp change of the shear sign that 
could be controlled by the diameter of the roller. 
Full numerical implementation of directionality and migration still needs to be carried out. 
Models to predict migration are currently being implemented by means of the floating node 
method coupled with VCCT [137,183] and other mesh independent cohesive zone models. 
Although these methods are convenient to describe complex delamination paths, 
directionality needs to be accounted for. The translaminar fracture toughness needs to be 
fully characterised at an array of angles for these models to predict the behaviour of angled 
ply interfaces. 
The embedded delamination experiments studies in this thesis investigated delamination 
growth in laminates manufactured with unidirectional tape laminates. To fully understand 
delamination growth mechanisms it is necessary to extend this study to other widely used 
composite architectures such as non-crimp fabrics and woven fabrics. 
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 A-1 
 Directionality specimens Appendix A
 
   
 
 
 
Configuration 1 Configuration 2 Configuration 3 Configuration 4  
 Figure A-1 TOF C-scans of the width tapered CFRP specimens 
   
   
Configuration 1 (plain interface) Configuration 2 (−45˚/45˚) . Configuration 3 (+45˚/-45˚) 
Figure A-2 Photographs of the width tapered PMMA specimens 

 B-1 
 Design criteria for Sandwich Panels Appendix B
From reference [184], the buckling load of a strut, Pcrit, with fixed ends is given by; 
 ()*+, - ./012/34  B-1 
where G is the shear stiffness of the core and  
 (5 - 67898:8  B-2 
 ; - )1,)8)  B-3 
 <= - 5,)1,)8=0>?8)  B-4 
where b is the panel width, L is the panel length, c is the core thickness, t is the skin 
thickness, E is the axial stiffness of the skin and ν is Poisson’s ratio of the skin material. 
Combining these expression and substituting into,  
 @)*+, - .ABCD=5, B-5 
leads to  
 @)*+, - 78)1,)8:80>?8)1=785,) B-6 
This expression is valid assuming that the panel is thin-skinned, i.e.: 
 3 )1=,)8,8 F 100 B-7 
 B-2 
In this case a further failure mode is skin wrinkling, which is given by: 
 εcrit=
GEcE)1 3I
4E
 B-8 
where Ec is the stiffness of the core. 
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 Instrumented data Appendix C
Table C-1 Panel S1 (+45˚/-45˚) up to -4845µε 
 
 
 
Parameter Max Min 
Load (kN)  -421.0 
Disp (mm)  -2.09 
Applied ε 
(µε) 
 -4845 
Initial 
delamination 
(mm) 
50  
Final 
delamination 
(mm) 
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(DIC) 67 
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 C-2 
Table C-2 Panel S1 (+45˚/-45˚) up to -2951µε 
 
 
 
Parameter Max Min 
Load (kN)  -611.06 
Disp (mm)  -2.41 
Applied ε 
(µε) 
 -6759 
Initial 
delamination 
(mm) 
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 C-3 
Table C-3 Panel S2 (+45˚/-45˚) up to -6767 µε 
 
 
 
Parameter Max Min 
Load (kN)  -590.5 
Disp (mm)  -2.83 
Applied ε 
(µε)  -6767 
Initial 
delamination 
(mm) 
50  
Final 
delamination 
(mm) 
(C−Scan) 165 
(DIC) 78 
C−Scan 
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 C-4 
Table C-4 Panel S3 (+45˚/-45˚) up to -4120 µε 
 
 
 
Parameter Max Min 
Load (kN)  -368.89 
Disp (mm)  -1.66 
Applied ε 
(µε)  -4078 
Initial 
delamination 
(mm) 
50  
Final 
delamination 
(mm) 
(C−Scan) 84 
(DIC) 72 
C−Scan 
 
 
 
 
 
 
 
 
 
 
0.900.800.700.600.500.400.30
depth (mm)
   0 1000 2000 3000 4000 5000 6000
  0.00
100.00
200.00
300.00
400.00
500.00
Strain (−µε)
Lo
ad
 (k
N)
 
 
Front right
Front left
Rear
0 500 1000 1500 2000 2500 3000 3500 4000 4500
−100
0
100
200
D
el
am
in
at
io
n 
gr
ow
th
 (m
m)
 
 
0
100
200
300
400
500
600
Fr
eq
ue
nc
y 
(kH
z)
0
250
500
750
1000
1250
1500
Co
un
ts
Strain (−µε)
Delamination Growth
Acoustic Emission Counts
Acoustic Emission Frequency
2 mm 
 C-5 
Table C-5 Panel S3 (+45˚/-45˚) up to -6476 µε 
 
 
 
Parameter Ma
x 
Min 
Load (kN)  -607.90 
Disp (mm)  -2.43 
Applied ε 
(µε)  -6476 
Initial 
delamination 
(mm) 
(C−Scan) 84 
(DIC) 72 
Final 
delamination 
(mm) 
200 
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 C-6 
Table C-6 Panel S4 (60˚/-30˚) up to -6326 µε 
 
 
 
Parameter Max Min 
Load (kN)  -549.80 
Disp (mm)  -2.63 
Applied ε 
(µε)  -6326 
Initial 
delamination 
(mm) 
55  
Final 
delamination 
(mm) 
(C−Scan) 81 
(DIC)55 
C−Scan
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 C-7 
Table C-7 Panel S4 (60˚/-30˚) up to -6417 µε 
 
 
 
Parameter Max Min 
Load (kN)  -583.41 
Disp (mm)  -2.30 
Applied ε 
(µε)  -6417 
Initial 
delamination 
(mm) 
81 
 
Final 
delamination 
(mm) 
(C−Scan) 81 
(DIC) 62 
C−Scan
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 C-8 
Table C-8 Panel S5 (75˚/-15˚) up to -6296 µε 
 
 
 
Parameter Max Min 
Load (kN)  -550.68 
Disp (mm)  -2.87 
Applied ε 
(µε)  -6296 
Initial 
delamination 
(mm) 
50  
Final 
delamination 
(mm) 
Global failure 
Global failure 
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 C-9 
Table C-9 Panel S6 (90˚/0˚) up to -6651 µε 
 
 
 
Parameter Max Min 
Load (kN)  -578.07 
Disp (mm)  -2.74 
Applied ε 
(µε)  -6651 
Initial 
delamination 
(mm) 
50  
Final 
delamination 
(mm) 
(C−Scan) 69 
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C−Scan 
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 C-10 
Table C-10 Panel S6 (90˚/0˚) up to -7000 µε 
 
 
 
Parameter Max Min 
Load (kN)  -598.70 
Disp (mm)  -2.87 
Applied ε 
(µε)  -7000 
Initial 
delamination 
(mm) 
  
Final 
delamination 
(mm) 
Global failure 
Global failure 
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 D-1 
 Material properties Appendix D
IM7/8552  Property Room temperature [138] 
Ply longitudinal modulus Ex 165 GPa 
Ply transverse modulus Ey 9.4 GPa 
In-plane shear modulus Gxy 4500 MPa 
Out-of-plane shear modulus Gxz 4290 MPa 
Out-of-plane shear modulus Gyz 3190 MPa 
Poisson’s ratio ν 0.3 
Ply longitudinal tensile strength XT 2600 MPa 
Ply longitudinal compressive strength XC 1500 MPa 
Ply transverse tensile strength YT 60 MPa 
Ply transverse compressive strength YC 290 MPa 
Ply shear strength S 90 MPa 
Interlaminar shear strength ξxy 117 MPa 
Interlaminar shear strength ξxz 38 MPa 
Critical strain energy release rate for 
mode I * GIC 0.235 J/m
2 
Critical strain energy release rate for 
mode II * GIIC 0.768 J/m
2
 
Coefficient of thermal expansion 
[185] αx 25 x 10
-9 
˚C-1 
Coefficient of thermal expansion 
[186] αy=αz 22.5 x 10
-6 
˚C-1 
Ply thickness t 0.250 mm 
Density * ρ 1 x 10-9 Kg/mm3 
* Measured in house Appendix E 
  
 D-2 
Interface Property Room temperature [138] 
Nominal stress mode I  tn 60 MPa 
Nominal stress mode II ts 90 MPa 
Nominal stress mode III tt 90 MPa 
Elastic modulus normal direction.* Knn 1 x 106 MPa 
Elastic shear modulus * Kss 1 x 106 MPa 
Elastic shear modulus * Ktt 1 x 106 MPa 
Fracture toughness mode I GI 210 N/m 
Fracture toughness mode II GII 610 N/m 
Fracture toughness mode III GIII 610 N/m 
Density * ρ 1.6 x 10-9 Kg/mm3 
 
 
Honeycomb CRIII-1/8-5052-.001N-4.5 Property Room temperature [187] 
Compressive strength stabilized Xc 3.9 MPa 
Compressive modulus stabilized Exc 1.034 GPa 
Crush strength Knn 1.8 MPa 
Shear modulus (W direction) Gxz 231 MPa. 
Shear modulus (L direction) Gyz 482 MPa 
Shear strength (W direction) Sxz 1.5 MPa 
Shear strength (L direction) Syz 2.4 MPa 
Density  ρ 72 x 10-9 Kg/mm3 
* Assumed 
 
 
Steel EN1A Property Room temperature  
Elastic modulus Ex 3.9 MPa 
Yield strength Sxc 207 GPa 
Poisson’s ratio  ν  0.3 
 
 
 
 
 D-3 
Araldite 2011 Property Room temperature [188] 
Flexural Modulus  1904.1 MPa 
Flexural Strength   60.4 MPa 
Lap shear strength (steel substrate) Exc 25 MPa 
Poisson’s ratio  ν  0.3 
Elongation  γ 9% 
 
IM7 Property Room temperature [140] 
Longitudinal modulus Ex 276 GPa 
Transverse Modulus Ey 19 GPa 
Transverse Modulus Ez 19 GPa 
In-plane shear modulus Gxy 27 GPa 
Transverse shear modulus Gyz 7 GPa 
Poisson’s ratio  ν  0.2 
 
Plexiglas 0A00R+Araldite2010-1 Property Room temperature [163] 
0°/0° KIIC/KIIC45 0.34GPa 
15°/-15° KIIC/KIIC45 0.45Pa 
30°/-30° KIIC/KIIC45 0.52Pa 
45°/-45° KIIC/KIIC45 1 
 
 
8552 Property Room temperature [171] 
Longitudinal modulus Ex 4670 MPa 
Shear modulus Gxy 1.3 GPa 
Transverse shear modulus Gyz 7 GPa 
Poisson’s ratio  ν  0.35 
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 Material characterisation Appendix E
Fracture toughness tests were performed to assess the quality of the prepreg used. The results 
were compared to previous values obtained from the same rolls. DCB and 4-ENF were used 
for mode I and mode II characterisation respectively. Two 200 x 300 mm panels were 
manufactured with IM7/8552 double and single thickness. The dimensions of the specimens 
are summarised in Figure E-3 and Figure E-6. The values obtained were 0.250 J/m2 with a 
standard deviation of 0.04 for the double thickness roll and 0.220 J/m2 with a standard 
deviation of 0.02 for the single thickness roll. 
 
 Figure E-3 Specimen dimensions for DCB specimen for mode I characterisation. 
The values of fracture toughness for mode I were obtained compliance calibration data 
reduction method [189],  
 GIC= nPδ2ba E-1 
Where P is the load, δ the deflection, b the specimen width and a the crack length. n is 
defined as the slope of the best least-squares fit of the log(δ/P) versus log(a) plot. 
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 Figure E-4 Fracture toughness data for single thickness prepreg in mode I. 
 
 Figure E-5 Fracture toughness data for single thickness prepreg in mode I. 
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 E-3 
Data reduction for the mode II 4-ENF test is done accordingly to Martin et al [190] and 
calculated as, 
 GIIC=
P2m
2b
 E-2 
Where The constant m is the slope of the best linear fit of the compliance against 
delamination length. The support and load span were taken to be 60 and 100 mm 
respectively. The diameter was 6.4 mm for both support and load rollers. The specimens 
were precracked 5 mm in mode I with a wedge while clamped to prevent further growth. 
The values obtained were 0.753 J/m2 with a standard deviation of 0.05 for the double 
thickness roll and 0.783 J/m2with a standard deviation of 0.07 for the single thickness roll.  
 
 Figure E-6 Specimen dimensions for 4-ENF specimen for mode II characterisation.  
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 Figure E-7 Fracture toughness data for single thickness prepreg in mode II. 
 
 Figure E-8 Fracture toughness data for single thickness prepreg in mode II. 
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 Mesh and node sensitivity to VCCT calculations Appendix F
The SERR calculations in Chapter 6 used the displacement values at the nodes behind the 
crack tip. The mesh used for this study (schematised in Figure F-9) had the advantage to 
allow the choice of two nodes: Figure F-9a) node perpendicular to the crack front and Figure 
F-9b) node aligned with the directing ply orientation (45° in Configuration 2) The choice of 
node at which displacement was extracted is not critical as shown in Figure F-10. 
 
 a) b) 
 Figure F-9 Choice of node to extract displacements at the crack tip for the VCCT 
calculations. a) node at 0° and b) node at 45°. 
 
 a)  b) 
Figure F-10 Energy release rates calculations with a) coarse mesh (1.77 mm element size) 
and b) fine mesh (0.74 mm element size). Filled marks represent node at 0°.  
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